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Extravehicular Mobility Unit

ABSTRACT

A general technical description of the Extravehicular Mobility Unit (EMU) is
given. The description provides a basis for understanding EMU mobility capa-
bilities and the environments a payload is exposed to in the vicinity of an
EMU.

Introduction

The Crew Systems Division (CSD) of NASA/JSC has responsibility for the Space
Transportation System life support efforts. One such system, the Extravehicular
Mobility Unit, is planned to play a major role in servicing satellites and other
payloads. By correlating data from CSD on EMU capabilities, environmental
interfaces and new programs with Flight Operations Directorate (FOD) data on
timelines and crew training and also with Spacecraft Design Division (EW) data
on equipment and payload structural interfaces, the NASA plans to establish a
mwethodology for efficiently scheduling, and planning a satellite servicing
mission,

The Extravehicular Mobility Unit (EMU) is the device which permits the Shuttle
astronaut to use the most versatile tools known to man - the human hand and

eyes - in the conduct of a wide range of Shuttle space operations - both planned
and unanticipated. '

To work in space, the crewperson must be mobile and be able to live comfortably
in the vacuum environment. Environmental protection and mobility are provided
by the Space Suit Assembly (SSA). Life support functions are provided by the
Life Support Subsystem (LSS). These are the two main subsystems of the EMU.
The purpose of this paper is to provide a technical description of the EMU and
demonstrate that the EMU may be used as a safe, efficient EVA tool.

A description of the SSA hardware and resultant mobility will demonstrate
extravehicular/intravehicular capabilities of the suited crewperson. These
capabilities are described in detail in the paper titled "Crewman Suited IVA/EVA
Capabilities" authored by Mr. Jim Jaxx and contained in the Servicing Operations
Section of the Workshop Papers. A knowledge of the internal workings of the LSS
will help in understanding the EMU mission profile and environments which a
payload is exposed to when approached by an EVA crewperson. One purpose of this
EMU description is to answer the “How does it work?" questions that are important
to payload designers. It is expected that the information contained in this
document will assist the Shuttle user community in planning for the use of EVA
to effectively support payload and other Shuttle operations.

Space Suit Assenbly

The primary function of the Space Suit Assembly (SSA) is to maintain the pres-
sure required for safe operation in a vacuum environment while providing a high
deyree of mobility to accomplish a wide range of tasks. Other functions include:

A5



° Protection from the extremes of temperature encountered in space

° Protection from radiation and micrometeroid environments
These functions are provided by the SSA which is composed of sowe nine separable
corponents which are connected together by quick disconnects. Following is a
description of components and functions required of the SSA.

Pressure Retention

The pressure vessel is made up of the Helmet/Extravehicular Visor Assembly,
(Helmet/EVVA), the Hard Upper Torso (HUT), the Lower Torso Assembly (LTA), and
the Arms and Gloves (see Figure 1). These assemblies and components are all
connected together by pressure sealing quick disconnects which allow the crew-
person to don the LTA, then the HUT (which already has the arms attached) and
then the Gloves and Helmet/EVVA.

The suit pressure is maintained with oxygen at 4.3 psia pressure. This pressure
level is a compromise between several competing demands. An increased suit
pressure has the benefits of reducing or eliminating the prebreathe time re-
quired to denitrogenate the body to preclude the bends and of giving ample
margin between operating pressure and minimum emergency pressure. A decreased
suit pressure has the benefits of reducing space suit operating forces, pressure
loads, and structural bulk. For a given space suit design, lower pressure
results in increased mobility.

The Helmet/EVVA (Figure 2) provides pressure retention by means of a bubble-
shaped, one-piece polycarbonate shell which is attached to the metallic quick
disconnect. The HUT (Figure 2) is a conformed fiberglass structure which pro-
vides not only pressure retention but the mounting base on which the LSS com-
ponents are mounted. The LTA, Arms, and Gloves (Figure 2) are softgoods which
provide pressure sealing by means of a heat sealed polyurethane coated nylon
bladder. The bladder material is not designed to carry the structural loads.
The longitudinal structural loads are generated in two ways: (1) pressure area
loads and (2) man-induced loads. These longitudinal structural loads range from
a lTow of 150 1bf at the outside of the boot to a high of 1400 1bf at the waist
and are carried by a primary restraint which is made of sewn webbing for the LTA
(Figure 3), arms, and gloves. To provide high reliability, a secondary restraint
system is also provided which remains unloaded unless the primary restraint
lines fail. The circumferential loads are carried by a layer of polyester
cloth. This material completely encloses the bladder material and provides the
structural support required, The restraint waterials are selected to minimize
stretch since they also determine the shape and size of the SSA under pressure.
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Mobility

The essential challenge of SSA design is to maintain pressure integrity as
described above while providing mobility. A feel for the magnitude of this
challenge can be obtained by looking at what forces would be required to

operate a SSA which contained no mobility elements at the body joints (see Table
1). The current Shuttle SSA specifications are also shown in the table for
comparison of mobility joint performance. The torques and forces required to
bend a suit element are generated because bending the joint causes an internal
volume change. For example, the volume change associated gith bending the knee
joint 90° if it does not have a mobility element is 242 in s The allowed volume
change to stay within the 12 in 1bf specification is 2.8 in”, From this it can
be seen that the ideal joint mobility characteristic is one in which the volume
stays constant as the joint is articulated, and ideally approaches capabilities
by existing SSA joint designs.

Mobility elements are located at the shoulder, elbow, wrist, and fingers in the
upper torso area (Figure 2). The lower torso includes mobility elements at the
waist, hip, knee, and ankle (Figure 3). Except at the shoulder, where a rolling
convolute is used and at the wrist and fingers where tucked fabric joints are
used, the mobility elements of the Shuttle suit are flat pattern designs which
are tailored to give a stable joint with mininum torque.

Another aspect of mobility is rotation, To allow rotation of the shoulder, arm,
and hand, there are pressure sealing ball bearings (Figure 2). There is also a
waist bearing (Figure 3) which allows upper torso twisting motions which are
very effective in increasing the available reach envelope of the suited crew-
person,

The best mobility elements and bearings are of 1ittle help, though, unless the
bending or twisting axis corresponds with the respective axis of the crewpersons'
body. To assure this correspondence, the SSA must fit the crewperson well. The
Apollo and Skylab programs used spacesuits which were custom procured for the
crewnian; this is not feasible for the Shuttle Program because of the expense
associated to accommodate the larger number of astronauts and 15 year program
lifetime., Consequently, the Shuttle SSA incorporates provisions for modular
sizing. Table 2 lists the quantity of sizes of the various components, Vernier
sizing of the arms and legs (Figure 3) is incorporated with a sizing insert
system which assures that the elbow and knee mobility element bending axis
corresponds with the bending axis of the crewperson's joints.
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TABLE 1

TORQUES & FORCES REQUIRED TO BEND A
4,3 PSID PRESSURIZED CYLINDER THROUGH 90°

(NO JOINT)
Cylinder Joint ' Force Needed At Shuttle SSA
Diameter Represented Torque Required End Of Cylinder Torque Spec.
_em_ (Inches) cm-dynes105 (in-1bf) dynese10% (1bf) cm-dyne-10°® (in-1bf)
2.54 (1) Finger 9,04 (8) .0134 (3) --- ---
10.16  (4) Elbow 599 (530) .201 (45)  13.6 (12)
12,70 (5) Knee 1,180 (1,080)  .267 (60)  13.6 (12)
40.64 (16) Waist 38,400 (34,000) 4,23 (950) 54.2 (48)

Torque, in-1bf

Suit pressure, psid
deflection angle, degrees
cylinder diameter, inches

T = pad’
I

aew v-—-
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TABLE 2
QUANTITY OF SIZES

COMPONENT NUMBER OF SIZES
Hard Upper Torso 5
Waist 3
Lower Torso 4
Boots 2 (1)
Gloves 15
Liquid Cooling & 5
Ventilation Garment

Communications Carrier 6
Assembly

Arm 6

(1) Slipper-like inserts are provided to accomodate a wide range of foot sizes.
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Thermal & Micrometeriod Protection

A1l elements of the EMU are covered with a thermal/micrometeriod garment (TMG)
which consists of 5 layers of reinforced aluminized mylar (Figure 4). This type
of insulation is a function of operating environment. This insulation limits
the EMU heat leaks into or out of the EMU to 330 Btu/hr, whether in full sun or
deep space shadow. The outer layer is ortho fabric (expanded teflon yarn sur-
face weave with a nomex/keviar weave sublayer) and acts as an abrasion resistant
layer. These layers provide effective solar radiation protection for the crew-
person except for face and eyes. The Extravehicular Visor Assembly (EVVA)
provides movable shades to allow eye and face protection from solar glare
(Figure 2).

Ventilation Gas Distribution

To assure adequate removal of exhaled gases fsom the crewpersons oral/nasal
area, the LSS provides a minimum rate of 6 ft“/min of ventilation flow. This
fresh incoming gas is directed over and around the crewpersons head by the
helmet vent pad (Figure 2). The flow around the crewperson's head directs
exhaled gasses to the neck area, where the flow goes between the suit inner
layer and the crewperson providing the additional benefit of some cooling and
removal of sweat. The flow goes to the hands and feet where it is picked up by
a ventilation duct, which is part of the liquid cooling/vent garment (LCVG)
(Figure 5). The flow is gathered together in a manifold and returned to the
Life Support System,

Metabolic Heat Removal

Although this gas flow distribution does provide the crewperson with some

cooling - the majority of the cooling is provided by a 1iquid transport 1oop which
is also part of the LCVG. This 1oop consists of four parallel paths of small
plastic tubing sewn into a full body garment which gently presses the tubes next
to the crewpersons skin. As cool water flows through the tubes, it is warmed by
the crewperson's metabolic heat. This warmed water is returned to the LSS where
it is cooled and returned to repeat the process.

Communications Interface

To allow a redundant communications interface, the crewperson wears a cap (Figure
2) which contains two microphones and two earphones. This unit is called the
Communications Carrier Assembly (CCA) and it connects electrically via the HUT

to the radio located in the Primary Life Support Subsystem (PLSS) by way of an
electrical cable.
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Food & Drink

The crewperson may take a drink from the Insuit Drink Bag which is a urethane
film bag RF heat sealed together in the shape of the volume available in the
front of the HUT (Figure 6). The bag contains a valve which is activated by a
sucking motion so the crewperson obtains a drink as if he were using a straw.
The valve precludes spillage caused by pressing on the bag. The bag is attached
by velcro into the front of the HUT so the drink tube is easily available,
Additionally, a food stick is located between the IDB and the HUT. The food
stick is in a paper sheath which allows the crewperson to grip it with his teeth
and pull it up and take a bite.

Waste Control

Liquid waste is collected in a urethane coated nylon bag which is worn by the
crewman under the LCVG (Figure 2). Females wear a disposable containment
device which collects liquid waste in a super absorbent material.

Hopefully this gives you an idea of what it means to get dressed to go to work
in space. To maintain life in the vacuum environment of space is the job of the
LSS which will be described next.

LIFE SUPPORT SUBSYSTEM

The Life Support Subsystem (LSS) supplies a pressurized flow of breathable
ventilation gas to the helmet inlet and removes the metabolic heat from the
liquid cooling loop of the LCVG. Functionally, the LSS is very simple.

It consists of two separate closed flow loops which are interconnected in order
to maintain fluid phase separation. The two main loops are the ventilation loop
and the liquid cooling loop. Both loops have make up supplies in order to
maintain their operating pressures at the prescribed levels (Figure 7).

Ventilation Loop

The ventilation loop receives warm, moist oxygen and exhalation products (mostly
€0.,) from the SSA and directs it to the Contaminant Control Cartridge (cce)
(ngure 8). This gas is filtered by a layer of nomex felt and directed into a
bed of Lithium Hydroxide. The carbon dioxide reacts with the Lithium Hydroxide
(LiOH) to form Lithium carbonate, This process also adds heat and moisture to
the flowing gas stream, Activated charcoal follows the LiOH bed and removes
trace contaminants and odors. Finally, the gas passes through an exit nomex
felt filter which precludes the migration of LiOH particles.
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The ventilation gas then flows from the CCC into the fan (Figure 9) which main-
tains the flow velocity. The fan provides a winimum of 3 in of H,0 pressure
rise. The fan is driven by a Hall sensor commutated DC motor at ?9,000 rpm,
The motor draws 2.3 amps at 16.3 volts. The fan directs the flow into the
sublimator. The sublimator is the heat sink for the entire EMU. In the sub-
limator, the ventilation gas is cooled and the moisture it contains is con-
densed. The outlet dry bulb and dewpoint of the gas leaving the sublimator is
about 55°F.

The condensed moisture is removed from the sublimator ventilation passages
through a series of holes located at the end of the cooling fins. This is
called a slurper (Figure 10). The driving potential for this flow is the delta
pressure across the fan because the slurper header is connected to the fan
inlet. This allows a small percentage of the gas flow to be used to carry the
condensed moisture to the water separator (Figure 8). At the water separator,
the mixture of gas and water is forced to impinge on a rotating drum, The drum
is mounted to the fan shaft and receives its driving power from the same motor
as the fan. The drum is shaped so that the rotation causes the water to flow
into a trough where it (by now rotating at the same speed as the drum) impinges
on a stationary pitot tube. This arrangement pumps the water pressure up to
the 15 psi required to flow past the back flow check valve (item 134, Figure 7)
and into the water reservoir. Thus the condensate removal process is a two-stage
phase separation process which begins in the sublimator and is completed at the
water separator, where the water 1s putiped to the storage tank and the gas used
to carry the water from the sublimator is returned to the ventilation loop.

After the ventilation flow leaves the sublimator it goes through a ventilation
flow sensor {which also acts as a backflow check valve), and past the makeup
supply inlet. A differential pressure sensor (Item 114, Figure 7) and a CO
sensor (Item 122, Figure 7) measure suit to ambient differential pressure aﬁd
the partial pressure of CO, just prior to the ventilation flow reentering the
SSA at the helmet inlet. ﬁ mechanical gage backup to the pressure transducer
(Item 311, Figure 7) is placed on the display panel in front of the crewperson.

The makeup supply of the ventilation loop comes from the primary 0, bottles
which hold 1.2 1bm usable oxygen at 850 psi for the 7-hour EVA miséion. This
oxygen flows from the bottles into the primary oxygen control module which
contains a flow limiting orifice (Item 113B, Figure 7), a shutoff valve

(Item 113C, Figure 7) and a single stage demand regulator (Item 113D, Figure 7).
This regulator maintains the ventilation loop (including the SSA) at a pressure
of 4.3 psi above ambient pressure. A pressure transducer, (Item 112, Figure 7)
is used to keep track of remaining oxygen.
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Liquid Cooling Loop

The 1iquid cooling 1oop receives warm water from the LCVG and directs it into a
gas trap to remove any gas bubbles. The gas trap separates gas from the liquid
cooling loop by means of a hydrophilic (water 1ovingg screen, The screen is a
fine mesh and since 1t is hydrophilic requires more pressure than is available
for gas bubbles to go pass but very little pressure drop for water to go through
it. The collected gas is continuously bled off through an orifice which con-
trols the flow rate of water to be carried out of the gas trap when no gas is
present. The mixture of gas and water then goes past an isolation valve Item
125, Figure 7 which is used to isolate the 1iquid cooling loop from the venti-
lation Toop when the water separator is not open and flows into the water sepa-
rator for the final stage of phase separation.

Returning from this subloop to the main liquid cooling loop, the water flow goes
from the gas trap through a back flow check valve (Item 128, Figure 7), past the
makeup inlet and into the pump (Figure 9). The pump is a centrifugal type
(Barske to he specific) which is connected to the fan motor shaft by a magnetic
coupling, The pump operates at fan speed (19,000 rpm) and flows 240 1bm/hr of
water at a pressure rise of 4.8 psi. From the pump, the flow goes toward the
cooling control valve. Along the way, the flow is split into two parallel
paths, Part of the flow goes to the sublimator to be cooled and the remainder
continues on to the cooling control valve. The continuing flow has been warmed
by the crewman and so constitutes a warm water input to the cooling control
valve. The part that has gone to the sublimator constitutes a cold water input.
These two inputs are mixed in the cooling control valve to obtain a comfortable
temperature and returned to the LCVG to remove the crewpersons metabolic heat.
The cooling control valve is manually operated by the crewperson.

The makeup water which is used to maintain 1iquid cooling 1oop pressure comes
from the water tank assembly, The water tank assembly consists of three tanks,
two of which are connected together. The third tank is connected to the others
through a relief valve (Item 142, Figure 7) which assures the third tank is the
last one to be used. To drive the water out of the tanks, a soft neoprene
rubber bladder is pressurized with oxygen from the primary oxygen bottles
through a 15 psid demand regulator (Item 113F, Figure 7). This pressurant gas
is supplied through a back flow check valve (Item 129, Figure 7) to the tanks.
But, since the flow rate of pressurant needed is very small, the regulator would
tend to cycle from closed to open and back again causing unwanted pressure
variations. To keep this from happening, a constant demand is placed on the
regulator through an orifice (Item 113F, Figure 7). To preclude water tank
overpressurization in the event of a failed open regulator, a reljef valve (Item
113G) has been included. There is also a pressure transucer (Item 132A, Figure
7) to monitor pressurant gas pressure. A similar transducer (Item 132R, Figure
7) is used to monitor the pressure of the water in the tanks. When these pres-
sures are different by the 4 psid setting of the water tank isolation relief
valve (Item 142, Figure 7) the crewperson is given a warning that there is only
1/2 hour of water supply left.
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The makeup water supply comes to the liquid cooling Toop from the water tanks
and is also pressurized to 15 psid. Water leaves the liquid cooling loop at the
gas trap to carry gas to the water separator. But after the water separator has
completed the phase separation process, it returns the water to the water tanks,
So, on an average basis, the liquid cooling loop is not a consumer of water and
the water tanks acts only as an accurulator to maintain the pressure in the
liquid cooling Toop at a constant value. This completes the description of the
Liquid Cooling Loop along with its makeup water supply. The interconnection
between the ventilation loop and the liquid cooling loop has been described in
order to define the fluid interfaces. Left undescribed in this section is the
water consuming device, the water sublimator, and its associated hardware.

Feedwater Loo

The sublimator is supplied from the water tanks through a regulator which regu-
lates the pressure to 2.9 psid. The flow then goes past a shutoff valve (1tem
137, Figure 7) and a pressure transducer (Item 138, Figure 7) to the sublimator
(Figure 11). The sublimator is a stack up of heat exchangers where the venti-
lation loop is cooled by the liquid cooling 1oop and the 1iquid cooling loop is
cooled by the sublimation process which works as follows. Water enters from the
feedwater supply and flows down the feedwater distribution channel. From there
it spreads out under the porous plate and turns to go through the plate out to
the vacuum which is on the outlet of the plate. But as the water pressure drops
below the triple point pressure the water freezes to an ice layer in the plate,
Heat is added to this ice from the flow loops and it sublimes away (i.e. goes
from the solid to gas phase without again becoming 1iquid) into the vacuum,
carrying with it the heat. If the ice layer is sublimed away completely, the
feedwater again starts up toward the vacuum and is frozen forming a new ice
layer. In this manner, the sublimator is a self-regulating, demand heat rejec-
tion device with a near constant heat sink temperature of about 32°F. The flow
rate of steam to the vacuum is dependant on metabolic rate, equipment heat load,
and heat leak into the suit. For the Shuttle LSS with a 330 Btu/hr heat leak
(maximum) the steam output rate is

W = (M/1027) + 0,75

where W = water use rate 1bm/hr
M = metabolic rate Btu/hr
(300 - 2,000 Btu/hr range with
1,000 Btu/hr average over 7 hours)

This completes the functional description of the Life Support System for normal
operations,

The rest of the items seen on the schematic (Figure 7) are associated with the
caution and warning system or are there to handle either emergency situations or
to accomplish recharge between EVA's, For recharge, the service and cooling
umbilical (SCU) connects the EMU to the vehicle from which water and oxygen are
received to refill the respective tanks. Power is also received to recharge the
silver-zinc battery, The CCC is removed and replaced with a fresh cartridge.
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The warning system takes inputs from all of the instrumentation shown and pro-
vides the crewperson warnings when an expendable is within 1/2 hour of being
expended and also indicates any malfunction, Displays are located on the Dis-
play and Control Module (DCM). The DCM also contains all of the controls
necessary to operate the LSS. Included are relief valves (Items 134, 145, 146
and 147) to preclude any overpressure situations from damaging any of the LSS
hardware as well,

In the event of primary life support subsystem (PLSS) malfunction the secondary
oxygen pack (SOP) provides a 1/2 hr supply of oxygen which can be directed over
the crewpersons face and exhausted to space through either the NCM located purge
valve (Item 314, Figure 7) or the redundant helmet located purge valve (Item
105, Figure 7). This flow provides some cooling and carbon dioxide washout as
well as suit pressurization, thereby allowing the crewperson to make an emer-
gency return to the airlock.

Payload Interface(l)

Now that the reader is well on his way to being an EMU engineer, its time to
turn our attention to alterations of the free space environment generated by the
EMU. These alterations fall into two categories: (1) the nominal alterations
and (2) those associated with EMU contingency operations. The latter are nor-
mally limited to 1/2 hour duration and the larger frustration associated with
that situation will probably be loss of EVA capability.

The sources of environment altering products for EMU are:
1) Water vapor from the heat rejection system

2) EMU leakage which includes water vapor, gases (i.e., 02, COZ) and
trace organics.

3) Parti;]es from EMU surfaces. (0.5 to 500 micron dust, lint, and
metal

The first of these was discussed earlier and for a nominal metabolic rate of
1000 Btu/hr which results in a steam production,rate of 1,68 1bm/hr. Water
vapor from leakage is estimated to be 5.4 x 10 ° 1bm/hr. The rates for gases
and organics are estimated to be 0,016 1bm/hr and 9.5 x 10 = 1bm/hr respec-
tively.

Particles
The amount of particle disposition is unknown but the EMU particle generation

surface area is 1/500 of the Shuttle so the EMU will not alter the environment
when near the Shuttle vehicle.

(1) The authors are indepted to Mr. S. Martin NASA/JSC for use of the payload
interface material. -
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TABLE II1
LOCAL CONTAMINATION BY PARTICLES

Estimated Time To

Particle Size Altitude Clear 40 ft Area
5 micron 100 nm 1.8 sec.
100 micron 100 nm 7.8 sec.
5 micron \ 300 nm . 50 sec.
100 micron 300 nm 181 sec.
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TABLE IV
" SCATTERING, ABSORBTION AND EMISSION
BY PARTICLES WITHIN ORBITER WAKE

Estimated Time To

Particle Size Altitude Sweep over Horizon
5 micron 100 nm 15 min.

100 micron 100 nm 66 min,

5 micron 300 nm 9.4 hrs.

100 micron 300 nm 34.4 hrs.
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Water Vapor

Water vapor freezing on cold surfaces obscures sensors, This type of contami-
nation is dependent on sensor surface temperature, distance from water source
to sensor, and water flow rate. Water contamination can occur on a surface
which is below 150°K and occurs within fractions of a second. Therefore, any
payload with optical systems colder than 150°K must be shielded or suffer the
effects of permanant water contamination (again the majority from the Orbiter
as well as EMU unless Orbiter HZO dumps are specifically controlled).

For average metabolic rate (1000 Btu/hr), history and analysis indicate that the
EMU steam cloud dissipates within 3 feet of the PLSS. This is an upper limit
with envelope size being a function of heat rejection rate.

The only guaranteed method of insuring near zero steam contamination is in
removing the water sublimator loop and providing thermal control via either an
umbilical or heat transfer device. The umbilical, while apparently a simple
solution, proves unattractive due to the management problem associated in zero
gravity., Considering that in many instances the EVA crewmember will be required
to transverse a distance of many meters, the umbilical becomes impractical in
length due to the possibility of snag and eventual puncture. In addition, for
distances greater than a few meters the umbilical becomes cumbersome and diffi-
cult to manage.

EMU Leakage

Since the bulk of the gases have low condensation temperatures (€0, 167°K, N
90°K, and 02 77°K) they present no problem on uncooled sensors. FBr cooled
sensors the“primary problem is water condensation.

EVA Crewmember Safety

Payload users have expressed concern for crewmember safety in areas of microwave
radiation and ionizing radiation. Microwave radiation originates from the
orbiter antennas, which produce a radiation beam, Nuring flight the following
antennas are active:
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s-Band (1.7 - 2.2 ghz) Locations Aperture Power

Payload Bay (PLR) Cabin Top - 1 watt
Hemi Cabin Top 1 - 3 in. rectangular 10 watts
cavity
Hemi Cabin 1 - 3 in. rectangular 10 watts
Bottoms cavity
Quads - Phase Array Cabin Sides 7 - 3 in. rectangular 50 watts &
Steerable 5db within 5°
of beam C/L

Ku-Band (15 ghz)

Tracking & NData Relay Forward PLB 36 in. dish 30 watts &
Satellite (TDRS) Bulkhead 38 db within 1,5°
of beam C/L

Hugan safety limits are: unlimited expgsure to power densities below 10 mw/
cm-, and exposure to less than 25 mw/cm™ for up to 25 minutes. Thus, there
is a minimum distance from the antennas which guarantees exposure to less
than the safety limits. The minimum long term safe distances from the S-Rand
hemis, quads and Ku-Rand and TDRS antennas are 4 in,, 55 in., and 324 ft
respectively considering near and far field effects.

A mission rule is in place that requires turning off nearby antennas during EVA.
Discussion of microwave radiation safety procedures is planned to be addressed
in the "Ionizing Radiation Evaluation Study". Payload designers may wish to
contact Mr. M. Rodriquez of CSD for this information,

Ionizing Radiation

Planned or backup EVA in equatorial orbit will be timed to minimize exposure to
the South Atlantic Anomaly (SSA), even though it may miss the highest energy
portion of the SAA for approximately 18 out of every 24 hours. Timing in polar
orbits is less practical because the orbiter will pass through the polar horns
approximately every 15 to 30 minutes,

Other EMU Factors

The EMU is designed and has been tested to meet a requirement to operate in
the presence of an RF field intensity of 1 volt/meter over the frequency range
of 10 KHz to 10 GHz, The EMU does not present any EMI anomalies and is not
foreseen to affect any payload electronics.
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Payload Interfaces Summary

EMU environments can only be a problem to an uncovered sensor system and of such
systems only cooled systems have a known definite problem. The significance of
EVA contaminants compared to the Shuttle Orbiter is as follows:

° Particulate generation surface area of EVA equipment 1/500 Shuttle
° Water vapor from EVA equipment 1/30 Shuttle
° EMU leakage gas 1/25 Shuttle cabin leakage
This shows any EMU contamination is negligible when compared to the contaminant
envelope produced by the Shuttlie Orbiter. Payload designers who are planning
payloads sensitive to currently defined contamination levels should contact Mr,
James Jaax of NASA/JSC Crew Systems Division for evaluation of requirements.

Supplemental EMU Capabilities

Analysis and tests have demonstrated that the present EMU is capable of performing

the standard satellite servicing tasks (e.g. module replacement, appendage
retraction, override of latches and release mechanisms). However, satellite
servicing tasks need not be constrained by current capabilities, since the EMU
is flexible enough to adjust to a myriad of satellite servicing operating condi-
tions. RED prograns currently exist to demonstrate concepts for prebreathe
elimination and water vapor venting elimination. The following paragraphs
describe conditions and program status of each.

“No-Prebreathe" EMU

Early EVA planning for supporting STS flights and satellite servicing calls for
conducting EVA at 4.0 psia from a 14.7 psia Shuttle Orbiter cabin. To preclude
“the bends", a painful and potentially dangerous physiological condition, STS
crewmenbers prebreathe pure 0, for 3 to 4 hours to purge hody tissues of dis-
solved N,, the prime constitugnt of bends buhbles. However, prebreathing has
several grawbacks: the crew considers the Portable Oxygen System (P0S) res-
trictive to intravehicular activity (IVA), and denitrogenation effectiveness can
be significantly reduced during EMU donning by inadvertently taking just one or
two breaths of air, increasing likelihood of bhends considerably unless specific
(and cumbersome) procedures are followed rigorously.

Planning for OFT side-steps prebreathing by requiring reduction of cabin pres-
sure to 9 psia for approximately 12 hours prior to EVA, which promotes suffi-
cient washout of dissolved gases from tissues to minimize likelihood of bends.
This is not a permanent solution, hecause it does not address many Orbiter,
payload, operational, and EVA issues relevant to both operational STS flights
and satellite servicing.

7!



The present Shuttle EVA baseline combines use of a 10.4 psia cabin pressure with
a 4.3 psia EMU to eliminate the POS and prebreathe. This status will not harm
payloads or orbiter electronics, yet still requires that the cabin remain at
10.4 psia for 6 hours prior to EVA.

However, raising the EMU pressure to 8.0 psia will permit use of 14,7 psia cabin
pressure even during EVA support. This would 1ift current constraints and
resolve conflicts in assigning pressure sensitive payloads to flight with planned
or backup EVA. An 8.0 psia EMU will provide mission flexibility as EVA events
increase.

Additionally, an 8 psia EMU will provide "quick reaction" EVA and additional
crewmember safety. NASA has been directing 8 psia soft goods assembly CR&D
programs to provide alternates and evaluate technologies for the necessary SSA
mobility for 8 psia.

Non-Venting Thermal Control Subsystems

The only significant alteration of the free space environment caused by the EMU
is due to the venting of the steam used for cooling. Specifics concerning water
contamination have already been described in the payload interface section,

NASA has conducted many programs to develop non-venting thermal control subsys-
tems, with the most recent being an on-going program to provide a 4-hour non-
venting thermal control subsystem. This regenerative system will have the dual
benefit of eliminating potential payload EMU HZO contamination and reduce the
expendable mass required by the EMU system,

Enhanced Glove Development

NASA is also developing technology which will significantly improve the mobility
of the EMU glove. This effort comes from the realization that hand mobility is
the key to effective EVA work.

Summary

The EMU will serve as an important tool for both planned and contingency EVA,

The EMU is capable of performing the standard satellite servicing tasks (e.q.,
module replacement, appendage retraction, override of latches and release mechan-
isms). However, satellite servicing tasks need not be constrained by current
capabilities, since the EMU is flexible enough to adjust to a myriad of satellite
servicing operating conditions.

The technology used in the EMU system is by no means static. The technical
solutions to manned utilization of space are dependent on the vehicle services
available, the understanding of the needs, and the resources available. Payload
designers in planning for satellite servicing should not presuppose EMU operating
conditions and capabilities, but be advised to contact appropriate NASA personnel
before solidifying payload design concepts. None of the technology elements of
the EMU are static and continued refinement of EMU technology shall proceed in
concurrence with satellite servicing demands.
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Platform Assembly Support and Servicing

ELECTROPHORESIS
RESUPPLY UNIT

MATERIALS

EXPERIMENT CARRIER

MODULE

ASSEMBLY SUPPORT

TMS BERTHING PORT
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AUTOMATED RENDEZVOUS AND PROXIMITY OPERATIONS
TECHNIQUES FOR RENDEZVOUS AND CLOSE-IN OPERATION
AND FOR SATELLITE SERVICING

RoBERT W, BECKER
JOHNSON SPACE CENTER

AND

RoBERT L. ANDERSON
LinCoMm CORPORATION
18100 Upper BAY RoaD
Houston, TX 77058
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INTRODUCTION

BACKGROUND

TEN YEAR TRAFFIC MODEL

REFERENCE TARGET VEHICLES REQUIREMENTS

ACTIVE VEHICLES

SOFT DOCKING SYSTEM

NAVIGATION SENSORS

6 C SENSORS

AUTOMATED CONTROL TECHNIQUES

AUTOMATED SCENARIOS AND SOFTWARE OPS MODES
AUTOMATED PROXIMITY OPERATIONS TIMELINE EXAMPLE



BACKGROUND

“DEVELOPMENT OF AUTOMATED RENDEZVOUS AND PROXIMITY
OPERATIONS TECHNIQUES FOR RENDEZVOUS AND CLOSE-IN
OPERATIONS AND SATELLITE SERVICING"

TYPE: RTOP

OBJECTIVES: TO DEVELOP FREEFLYER AND ORBITER FLIGHT PROFILES
" AND RECOMMEND HARDWARE/SOFTWARE REQUIREMENTS
THAT WILL PROVIDE AN AUTOMATED RENDEZVOUS,
STATION KEEPING, AND DOCKING CAPABILITY

112




TEN YEAR TRAFFIC MODEL

* A SURVEY OF THE MOST LIKELY RENDEZVOUS TARGETS WAS CONDUCTED
USING GRUMMAN’S “SATELLITE AND SERVICES USER MODEL.”

- INPUT DATA FOR DEVELOPING THE SATELLITE USER MODEL INCLUDED:

- NASA 5 YEAR PLAN (1981 - 1985)

- STS FLIGHT ASSIGNMENT BASELINE

- BATTELLE LOW ENERGY MISSION MODEL

- FUTURE PLANNING DOCUMENTS (LSTA, 0SS, ETC)
- OAST SPACE SYSTEMS TECHNOLOGY MODEL

- DOD MISSION CATALOG

- NORAD SPACECRAFT IDENTIFICATION LISTING -

« ALTHOUGH THE MODEL CONTAINS 4 CLASSES OF SATELLITES, ONLY

2 CLASSES WERE USED IN LINCOM’S SURVEY:
1) APPROVED AND FUNDED VEHICLES (A)
2) VEHICLES PLANNED FOR START IN NEXT 5 YEARS (P)
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RENDEZVOUS TRAFFIC
SUMMARY TABLE

FUR LEQ

YEAR APPROVED | PLANNED || TOTAL ]| PROPULSION
1983 1 1 2 1
1984 1 1 2 2
1985 3 - 3 -
1986 5 2 7 5
1987 3 7 13 7
1988 4 14 18 10
1989 4 14 18 9
1990 2 19 21 13
| 1991° 5 15 20 11
| 1992 3 10 13 7
TOTAL - 34 83 117 A5
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TARGET VEHICLE REQUIREMENTS

* REPRESENTS A LARGE CLASS OF SIMILAR TARGET VEHICLES
* ACTIVE ATTITUDE CONTROL SYSTEM
+ PASSIVELY COOPERATIVE

- REQUIRED RETRIEVAL COMPONENTS IMPLEMENTED PRIOR
TO LAUNCH
ﬁgAL COMPONENTS ARE EXTERNAL TO SATELLITE

EVAL COMPONENTS REQUIRE ONLY A PHYSICAL ATTACH

* FIRM RENDEZVOUS REQUIREMENT

TARGET VEHICLES SELECTED

* LEO - LANDSAT/MMS
* HEO - GPS (NO RENDEZVOUS REQUIREMENT)
* GEO - TDRSS (NO RENDEZVOUS REQUIREMENT)

)19



ACTIVE VEHICLES
- TELEOPERATOR MANEUVERING SYSTEM (TMS)/VOUGHT
- ORBITAL TRANSFER VEHICLE (OTV)/BOEING/GENERAL DYNAMICS
- MANNED ORBITAL TRANSFER VEHICLE (MOTV)/GRUMMAN
- MANEUVERABLE TELEVISION SYSTEM (MTV)/JSC/LOCKHEED
- SPACE PLANE/USAF/SRI

)20




ORIGINAL PAGE 1S
OF POOR QUALITY

SOFT DOCKING SYSTEM

. [ ] . L] L[]
worr» X0— mr— OXr o>

"SOFT DOCKING” SYSTEM IS REQUIRED FOR
OCKING OPERATIONS

“SOFT DOCKING* SYSTEM REQUIRES ZERO VELOCITY TO EFFECT
APTURE

HE RMS SNARE TYPE END EFFECTOR IS AN EXAMPLE OF A

IGHT WEIGHT SOFT DOCKING SYSTEM
HE SOFT DOCKING SYSTEM WILL “DRIVE” THE DOCKING SENSOR
EQUIREMENTS

PRELIMINARY SET OF SOFT DOCKING SYSTEM REQUIREMENTS WERE
ENERATED BY JIM JONES/JSC/EW4 AND EARL CRUM/JSC/EW4 IN
UPPORT OF THIS STUDY
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G&C SENSORS

* ACCELEROMETERS
* GYROS

- WHEELS

- LASERS -

ORIGINAL PACE IS
OF POOR QUALITY

SER TICALLY
RAL R A
P-D0O A PLA
SUPERIOR RELIABILITY
NO MOVING PARTS
LOWER UNIT COST

LEAST OPERATIONALLY COMPLEX

ICA OFFERS

OVE STANDARD
LED TFORM IRU:
1)
2)
3)

4)
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AUTOMATED CLOSE-IN CONTROL TECHNIQUE

ROTATION - ROTATION DAP - RCS
TRANSLATION - TRANSLATION DAP - RCS

ROTATION ALWAYS LEADS TRANSLATION
EXAMPLES
- V STATIONKEEPING
= FLYAROUND
- FINAL APPROACH

124



P «snaumuv~\WhNnW -

1
301
MN  Ir
m><N .
| 3NV SI 139¥V1 3HL OL HOSN3S NOILISOd

JAILVIIY 3HL WOY4 SOT TWNLIY 3HL ONOTY IINVLSIQ 3HL

JTINY HOUY3
X OINI Q31337°0ud ©

HINWIZV SI 3Nyl AV, 3V

319NV 40NY3
NOTLVAZT3 I Invid 9AVZ8AYy oin1 q3103coud @ ©

—_— - e e — e - e - — - —

m... T T T IHDIS3IH09 YOSNIS NOILISOd 3IAILYI3Y

—

] T T T —_——_——
/lea. O A

A 1394vL

ORIGINAL PACE IS
OF POCR QUALITY

. "SLIWIT G3141934S NIHLIM ¥01J3133Y ¥3INY0D 31DTHIA 139uV1 OL
JINVY ONY SITINV J0YY¥3 HLOWIZY ‘NOILVA3TI ONINIVINIVW SI WILSAS T04INOD NOILVISNVYL AV

: -AYy onoTv 031N10d ST AGOSA aNv AYA oNOTv 3LNIOd
SI AQOSX LVHL HONS 3wvad HIAT ONIXOVEL SI WALSAS T0MINOD JGNLILLY AV

INIdIIANOILYLS A
~ssaﬂmuv~su ,

125



ORIGINAL PAGE 1S
OF POOR QU ALITY

AUTOMATED SCENARI 0S

 REFRENCE MISSIONS

- DELIVERY
RETRIEVAL
SERVICING
REMOVAL
TRANSFER

. %;aE EETRPERATI(O)NS - COMMON OPERATIONS CAN BE USED
T L et sl et
REEE?%@%YOEET 0%0% ODEE & C l8 S 18 ﬁ

- RNDZ MANEUVER TARGETING

- MANEUVER EXECUTE

- COAST

- BRAKING

- STATION KEEPING

- FLYAROUND

- FINAL APPROACH

- DOCKING -

- SEPARATION

! uct
é ETHE

0C
0
N
OMPL

TR
h

==

|
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A “SEQUENCER* IS REQUIRED TO:

1) PERFORM PREPLANNED SEQUENCE OF MAJOR MODE
TRANSITIONS

2) ENSURE PROPER DATA TRANSFER AND INITIALIZATION
BETWEEN MAJOR MODE TRANSITIONS

3) ASSEMBLE NECESSARY HARDWARE/SOFTWARE SYSTEMS
4) PROVIDE FOR THE MAN/MACHINE INTERFACE

! SOME SOFTWARE NOTES . . .

- ANY GIVEN MISSION WOULD CONSIST OF A SUBSET OF THE ABOVE
MAJOR MODES

« ALL CURRENT AND CONCEIVE
E PERFORMED WITH TH

FOR THE

" FOLLOWING IS A SELECTED SYSTEM DIAGRAM AS AN EXAMPLE.,
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« RESULTS OF MAJOR MODES CONCEPT . . .

- EASILY IDENTIFIES THE SPECIFIC ITEMS THAT NEED TO BE
WORKED, BOTH HARDWARE AND SOTWARE, AS A FUNCTION OF
MISSION PHASE.

- PROVIDES OVERALL SYSTEM DEFINITION

- SERVES AS A FRAMEWORK FOR ORGANIZING DETAILED SYSTEM
REQUIREMENTS
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TIMELINE EXAMPLE
AUTOMATED PROXIMITY OPERATIONS
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= Ty

/ ORIGINAL PAGE 18

-y

CONCLUSTONS

 ALTHOUGH THE U.S. HAS NEVER PERFORMED AN AUTOMATED
RENDEZVOUS AND DOCKING, MOST OF THE "PIECES” REQUIRED
TO BUILD AN AUTOMATED SYSTEM CURENTLY EXIST.

MAJOR EXCEPTIONS ARE:

- CLOSE IN REL ATT SENSOR SYSTEM

- CLOSE IN REL PQS SENSOR SYSTEM

- TRANSLATION DAP SOFTWARE

- SEQUENCER SOFTWARE

- SOFT DOCKING SYSTEM .
AUTOMATED -RENDEZVOUS TECHNIQUES AND OPERATIONS ARE
GENERIC IN NATURE AND APPLICABLE TO MANNED AS WELL AS
UNMANNED SYSTEMS
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COARSE SUN SENSCRS
.l THEAMAL

L 14‘ . ENCLOSURE

= s ELECTRONICS
ENCQLOSURE

INSTRUMENTS

INSTRUMENT SUPPORT
PATE

BASE STRUCTURE
ASSEMBLY

SOLAR ARRAY
SYSTEM (SAS)

SOLAR ARRAY

oMM

MISSION ADAPTER

ACS MODULE TRUNNION PIN

TRANSITION ADAPTER

MOOULE SUPPOAT
STRUCTURE

LATCH PINS (3

SMM OBSERVATORY EXPLODED VIEW
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ORIGINAL PAGE IS
OF POOR QUALITY

SHUTTLE /AUTOMATED PAYLOAD PROCESSING FACILITIES

SRB nouﬂoul

PROCESSING FACILITY
l 3URGE BUILDING
PAD B \

w = /cfff’dl~ \
g4 /Lu|

SHUTTLE LANDING FACILITY

VERTICAL PROCESSING FyFribai
FACILITY (VPF) - FACILITY

ORDNANCE STORAGE AREA
& NON-DESTRUCTIVE LAS

T DELTASPIN )g
_TEST FACILITY

FACILITI YOUT A

PAYLOAD ARRIVAL, CHECKOUT, HAZARDOUS SERVICING
MATE TO UPPER STAGE

INTEGRATE WITH OTHER PAYLOADS

INTEGRATE INTO ORBITER

INTERFACE VERIFICATION CHECKS

LAUNCH

o O O O O o
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ORIGINAL PAGE 1S
OF POOR QUALITY

PAYLOAD PROCESSING FACILITIES

PAYLOADS MAY ARRIVE BY LAND, SEA, AIR
(USUALLY SPACECRAFT REQUIRING UPPER STAGES)

PAYLOAD PROCESSING FACILITY ASSIGNED FOR SPACECRAFT
OPERATONS

- FINAL ASSEMBLY OR BUILDUP
- INSPECTIONS, CLEANING
-  FUNCTIONAL TESTING

“CLEAN ROOM” CONDITIONS, CRANES, SERVICES, OFFICES,
ETC. AVAILABLE
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ORIGINAL PAGE IS
OF POOR QUALITY

DELTA SPIN TEST FACILITY

ESA-60 AND DELTA SPIN TEST FACILITY (DSTF) BOTH
USED FOR HAZARDOUS SPACECRAFT OPERATIONS (LOADING
HYDRAZINE, CRYOGENS, ORDNANCE, ETC.)

DSTF ALSO USED AS PAM-D BUILDUP AND TEST FACILITY
ALL PAM-D PAYLOADS MATED TO UPPER STAGE AT DSTF

ALL OTHER UPPER STAGES ARE MOUNTED TO SPACECRAFT
IN VERTICAL PROCESSING FACILITY
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

C_INDUSTRIAL ARE

“VERTICAL" PROCESSING FACILITY

“HORIZONTAL” PROCESSING FACILITY
(0 & C BUILDING)

SAEF-2
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ORIGINAL . PAGE -
BLACK AND WHITE PHOTOGRAPH

INTERIOR OF VERTICAL PROCESSING FACILITY

| TWO WORKSTANDS, EACH CAPABLE OF STACKING A FULL MANIFEST
PAM-D AND SPACECRAFT PREVIOUSLY MATED

PAM-A AND IUS TRANSPORTED TO VPF, THEN SPACECRAFT MATED
ELECTRICAL, MECHANICAL, AND CITE TESTING

INSTALL FULL MANIFEST INTO CANNISTER FOR TRIP TO LAUNCH PAD
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

PAYLOAD CANISTER

TRANSPORTED VERTICALLY FROM VPF
TRANSPORTED HORIZONTALLY FROM 0 & C
CARRIES FULL PAYLOAD MANIFEST

ENVIRONMENTALLY CONTROLLED, POWER, INSTRUMENTATION,
PURGE, ETC.

MOVED BY 48 WHEEL OMNI-DIRECTIONAL TRANSPORTER
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

INTERIOR OF 0 & C BUILDING

PAYLOAD MAY ARRIVE BY LAND, SEA, OR AIR AND IS
TRANSPORTED T0 O & C BUILDING

CONDUCT FINAL BUILDUP, TEST SYSTEMS, VERIFY
INTERFACES, CITE TESTING

NO ORDNANCE OR PROPULSIVE STAGES

LOAD INTO CANISTER HORIZONTALLY

189



CRIGINAL PAGE
BLACK AND WHITE POTOGRAPH

LC-39 LANDING, PROCESSING & STACKING AREA

ORBITER LANDS ON RUNWAY, TOWED TO OPF

ORBITER PROCESSED IN OPF, SRB'S AND ET STACKED
SIMULTANEOUSLY IN VAB

ORBITER TOWED TO VAB AND STACKED WITH SRB'S/ET

SHUTTLE INTERFACE TEST TO VERIFY ALL CONNECTIONS/
SYSTEMS

STACKED STS VEHICLE MOVED TO PAD ON MOBILE LAUNCHER
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CRIGINAL PAGE
BLACK AND WHITE PHOTOGRAPY

e
Py 2. o - A o —

s vawa femrd \WURWA
VXN

“HORIZONTAL" PAYLOAD INTEGRATION

TRANSPORTED FROM O & C TO OPF VIA CANISTER/TRANSPORTER

REMOVAL/INSTALLATION OF FLIGHT KITS AND/OR SATELLITE
SERVICING EQUIPMENT

PAYLOAD HOISTED FROM CANISTER, LOWERED INTO ORBITER
BAY AND SECURED

SHUTTLE/PAYLOAD INTERFACES CONNECTED
ORBITER INTEGRATED TEST CONDUCTED TO VERIFY INTERFACES

PAYLOAD BAY CLOSED OUT AND DOORS CLOSED
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ORIGINAU PAGE
WHITE PHOTOGRAPH

BLACK AND

VEHICLE ASSEMBLY BUILDING OPERATIONS

0 "HORIZONTAL” PAYLOADS:

- ORBITER MATED TO ET/SRB'S

- DOORS REMAIN CLOSED

- NO PAYLOAD ENVIRONMENTAL CONTROL UNTIL
MATED WITH ET

- ENVIRONMENTAL CONTROL ON WAY TO LAUNCH PAD

0 “VERTICAL" PAYLOADS:

- ORBITER MATED TO ET/SRB'S

- DOORS REMAIN CLOSED

- PAYLOAD BAY EMPTY, PAYLOADS AND. CRADLES TO
BE LOADED AT PAD
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

PAD _OPERAT IONS
(RSS ROLLED BACK)

MLP HARD DOWN, CONNECT SERVICES

“HORIZONTAL” PAYLOADS ARE IN THE ORBITER BAY,
NORMALLY NO ACCESS, BUT DOORS CAN BE OPENED IF
NECESSARY

“VERTICAL” PAYLOADS ARE TRANSPORTED TO PAD IN
CANISTER AND OFFLOADED INTO ROTATING SERVICE
STRUCTURE (RSS). SOME PAYLOAD TASKS/TESTS
PERFORMED

193



ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

PAD OPERATIONS
(RSS IN POSITION)

RSS PROVIDES ACCESS, PROTECTION

“VERTICAL” PAYLOADS INSERTED INTO ORBITER, INTERFACES
CONNECTED AND TESTED

SERVICING OPERATIONS (FUEL CELLS, RCS, OMS, ETC.)

FINAL COUNTDOWN
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" ORIGINAL PAGE T
BLACK AND WHITE PHOTOGRAPH

0 NO PAYLOAD ACCESS DURING FINAL 20 HOURS
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

SHUTTLE LANDING FACILITY

RUNWAY 15000 FT X 300 FT

AFTER LANDING, TOW ORBITER TO OPF FOR PAYLOAD
(OR CRADLE) REMOVAL, ORBITER SERVICING

CRADLES RETURNED TO OWNERS AT OPF., SPACELAB
TAKEN TO O & C. ABORTED PROPULSIVE STAGES
RETURNED TO VPF

)6




LY

) .
i “ou) sweisis poddng e @
i
H peeuppoTdta: VSN
: r.v ANNOYVNYNL INIWDINDI -
,,_e,w ONILHOIT VA3
o NOILINIZ3Q DY LIWOJOY¥H LNV
LN ] Y01I3443/3A01D/7001
$123443 ALITIGONW
JYNSSIUd TYNOILVYIMO VAT
NOILD310¥d NOILYIAYVY
SNOILVYIQISNOD NDIS3IQ ©
vE
Bl
oL SINIWIYINDIY o
oo
T
mm.. AQNLS LINA ALITT9OW ¥VINDTHIAWYLIXI TIINVAQY
00

197



719

*swasAs pajewoine A||nj ueyy Jayjes yA3 JO asn ayl ybnoayy aq

{L1M SD143A0234 pue sayoune| 33t||33es 3I1qJo-ul Auew 3jpuey 03 Aem 3ALI3}43 IsSou 3y}
1047 JUBLOLJS3 OS YAJ ew [ (M (W] Panosdwy 8yl *36es03s 404 paainbas aun|oA Juapuajje
3y} pue sjuauodwod 3iNS JO AA0JUBAUL 31GU0-ul 3y} 3INPAL A{juedtyiubis [LIM SIJLYS

JNOY-g 93PUAIILR UO SAINJOM 3} 03 SIuduOdWod W3 JO A|quasse ,33LYs, ¢sjuauodwod 3I23uu0d
¥ILnb AQ S43)J0M |eNpLALpUL 1) 03 PazZLs ,yjbua(, 3Je ydtym sjuduodwod paepuels J0 SILUIS
® se W3] paAcadwy ayj buiubisap Aq--swasAs adveudjutew pue bulzyis A3raenpow papualIx3

*(S31942 uo}||tw 3uo ueyl 433e3aub) sjuauodwod 31| 6uo| pue atqer|aa Aybiy dainbaa
LLIM SEYL 3wt} © 3° SYJuoW 40 3ILS XJOM 3Y} UO 3Q | [LM OYM SJIYJOM YA JO SJaqunu
3ALSUIIXI 244nbaL [||M Ssuorjels 3adeds abae| JO UOLIONUISUOD 3Y)--SIUdUOWOD 31 6uo

*$9| 24D NJAOM YAJ Papualxa pue dA13onpoad aunsse pue
saunjtpuadxa Ab4aua 3yl 3zjwjujw 03 sanbaol Moy A|3WBAIXd I1GLYXd pue 3|qels ALaayssed

aJde sanbpuydaj Aji(lqow 3yj] °43sn s3L Jo abuesa AJLtqow Ipnu [Ny Y3 sajelnuis
A195012 YoLym waIsAs A31|1qow 333 dwod © Sjuawd|dwi W3 padueApe ayy--A311qow {n4

1sd g A arewpxouadde j0 aunssaad {euojreaado W3 ue sasinbas siyl “suorlesado yA3l 03
saunssaad 1e31qey |3A3| BAS WOJY J3jSueA] 03 paainbas st Bupyjeausq-aad ou--uojjdoesd LN

1340 WA3SAS YA 9AL1393539 ue 31 W YOLUM (W3 PadueApe Y3 JO S3ANIedy Ayj

1

198




(NOILVNITINI (09 € W 00 OL dN) NOILDILOYWd NOILVIAvY

0

~ _ WD ST 310AD TVNOILVY3dO ¥3d 3417 LI9HO-NI INd3sy O

ok $211S1907 ANV ONIJIA¥IS 3INVHNI OL ALI¥VINGOW A3IANILX] O

ok ONIJIAYIS WAWINIW LIGYO-N] O

oo ALITIEOW 1IN O

mm INIWNONIANT (T ON/CO 3XIW ONV Hlv3Ng-3¥d O O

G o

=y :SINIWIUINOIY ONIMOTTI04 3HL 133W T1IM WILSAS YAJ WIWILAO 3H| o~
S1nSy m”

,'G3IN143a 31
TUIM W3LSAS (QO0Z V2¥1D) WNWILAO 3HL OL fjlyJ LN3H¥ND 3HL WO¥d NOILISNVYL VI1907,

o SINIWIUINDIY TYNOILVYIAO (07 YVIA IHL ¥0d AIYIAISNOD SI W3ILSAS YAJ Q3ZIWILdAO 3H],

SINIT3AIN9

mssmeen (] 3 3 H M D O 7 o \/S\/]\) ssssnses

NW3 TIINVAQY g
\\ll




ES
ORIGINAL PAC
OF POOR QUALITY

IVH9IUINT i3 ONV VIYV--ONILHOTT

, LVLIGVH N1--39VMOLS
STIVY 1004 ‘WILSAS NOISINAO¥d TYNOS¥Id INVYD ‘SAIOH ONVH ‘STIVY ONVH--NOILVISNVYL YAJ

INIWAINOI Q3Y¥3HLIL--

200

0SY¥0L ¥O/ANV 1004--1INIVYLSIY
ONIHLVY3Yyd-3¥d ON--
141HS 374117nW YO 3T19NIS fYAJ SMONNILNOD SUYNOH G 3ITIAD NYOM--31130S

ATINO Q3INIVYL-YAJ--TINNOSHIY
YI1Vd3Y¥ OGNV ‘IIONVINLNIVW ‘NOILVHIJO ‘39VMOLS ‘INIWAOTd3IA ‘NOILINULSNOD YAJ--SASV]

L LELER)

e (=3 =3 H O 2D O T 0000000000 VSV s
SINIWIHINDIY AWI AIINVAQY

eSS

7

-—




N D=

N

LYY W

wo

25

w nO. 039 ¥od 3n¥L 0N - ma
mv-mn_.w NOI1J310¥d NOILviaAv¥ ()77 ¥04 LN3IJI44dns S3IILISNIA W3LSAS YAJ TVWION - '\

‘NOISNIINGD O

. INVOIJINOISNI AVY JIWSO) --
a3¥3AISNOD LON S1SV19 ¥VITINN JDIY3HISOWLVOXI ANV SI¥VId dVI0§

SISATYNY ¥04 G3SN NOILVIAVY L113g N3y NVA O

s (] T T H M D O e —— \/5\/]\] snsssmm—s

NOI1J310¥d NOILVIQvY MWl QIINVAQY Jhmw
y2. =




.zoxhuuam s cn— NO¥1IIN} e
009 X INN X »00€
4 NOLO¥d o%B82 X IHN X NONN NOLOHY —— — = e
Q131HS WNNIWNIV BYIS INVId ONIHIE S350
ny (X 2K ve? 90°2 gt 1 69° zWI/WD
£0°2 8L 1 25°1 2 20°1 9¢" 15° §2° W W)
0
-
/ 3 o
= o
100
vy 1 3
|1 ] -1 c
Q9 < 1 =
< = q ¢
o. O T 10 w.v. .
£0 —— V.i[ 4 =
L] 0. —— \ - -
8% N T W= 3
. Hor- 3 u
/ / - W
N \] =z
N\, - =
(1 118]ux3) 300 [NINS ¥03 §INS3IH S-H =
&—F————F ——1mhsasar -y °"
lllll — ot w———— — s ———— —— —— ——— — = f—— o — o e~ =
& TiWi1 AQUAVW_IN08 | .é—.—..i
MATT SR — 1~ =
—t=——-rwvrrrrs - —— .,.mf
M g-ot
\
.
= o0z
s JIIHMNOO0T VSVl ssaaes

(T@,1N0)) NOILDI104d NOILVIAVY NW3 QIINVAQY %
: Pora

l




SINIWI¥IAXI $SID0¥d IVI¥ILYW ONY IVI190701SAHd /WD 1907018
ALIDIXOL &y -

SAYVZVH ALITIIVWWYIS -
ALITIGVYIN3Y SOINOIAY -

>
T R
M.u..A SINIWIHINODIY ¥YIMOD ONIT00D -
=
o. o
d
M m S12344v 33NSSIud h<._._m<_._ 0 M
G2 N
[+
Om.u. FIIVHISIANN SNOILVHLNIIONOD No HI9IH 0L 34NSOdX3 zm_uhnozo._ 0

a3y¥ino3y No 40 3HLv3¥9-34d ON 0

xiW €9 305 - ON 206 HLIM 3unss3¥d L1ns visd g --

(VISd /'HT) LVLiIAVH NI 33NSS3dd 13IAIN V3S--UN3WWOI3Y

IQUNIV_UOJIII' VSUN\| ssmass
JYNSSIUd TYNOTIVYIA0 NWI QIINVAQY J&W
\\n’




20y

2
]
3 <
&3
o
28
© 6
g5
NOILVINIWITdWI WHYIL-YV3IN ¥Od4 VILN3ILOJ (0]
ALIT1€91SY3Id (I GQIONVAQY J1VYLSNOWIA 01 WVY90ud INI109-N( 0
379VI1IVAV S1 A90TONHO3L 1ISd 8 o
IDNNI!UOJ\%'
(a,1N0)) JYNSSIUA TWNOILVYId0 NW3I TIINVAQY %




ORIGINAL PAGE g
OF POOR QuALITY

s J3IHNOO0T

SINIT 3WIL WSVY] ==
ALIX3TdWOD QIV YA  --
IWIL ONINIVY| --

- $12344V 3T9VYOAVI ALITIEOW TN 0

\n

SIXV-7  IDINY - N
= Z SIXV-3T9NIS 3Ny -
L | SIXV-¢ dif --
SIXvV-7 1SIvy -
SIXV-¢ ~ ISI¥N --
SIXV-3T1ONIS Mog1y  --

SIXV-¢ ¥30NOHS  --

:SM01104 SV SINIOf 3791X3T4 AIWWVYO0Ud-NON LINIFWITdWI T1TIM (|JF TIINVAQVY 3H| 0

VSVI\| sseas
S133443 ALIMIE0W N3 QIINVAQY Amwmw

o il ;s "
L d




TY

NAL PAGE IS

AST¥M OL INIW33
IA0T9 40 INIWIDIVI4IY L19HO-N]
NOIL1SOddO ¥3IONTdJ-EWNH|
,3OVA¥IINT d1¥9, 100L 40OY

n

NOILVIN3IW3ITdWI INIOf IVJYVIVLIIW LIST
SIYINDIY 3IA0TY 0

OF POOR QUALI

ORIGI

W3LSAS ¥0L123443/NO11D03108d ANVH
Q3SV3YONI J¥INO3Y TIM (39 3yniny

03] ¥03 a3asn 3A01g

W3780¥d SNOIY3S Vv

LON SI NOILVIQGVY ‘d3¥Y3AISNOI SLIFYO ¥YO4

QI IHMNO0T

206

40133443/3A019/7001 NW3 QIINVAQY




PAGE I3
QUALITY

ORIGAL

OF POOR

e CJ3IHMNOO0T

#NYJ, JAI1D31048d NOILVIAVY
01 ¥0 3A0T9 01 3IVIYILIN]

INIWIAOW TWI0Hd1D3Y
" NOILVL1O0¥-1L7nW INODHOL FNEVIYVA

404 1IN3IW3T13 ¥3IMOd 3SO0d¥Nd-TLTINW ¥O4 d3IIN

207

0

0

VSV sseamms

(@,1N0Y) ¥0133443/3A079/7001 MW TIINVAQY Jb%

L4




ORIGINAL PAGE IS
OF POOR QUALITY

*34n1e}s uo paseq suorienbd uojssasbaua aduwis Aq pajdafoad usaq sey ejep buisstw

3yl *sased jsow u] ‘3|qe|LeAe 3uam Apnis bulzis Styl 40y paainbas sjusuwvunseaw (e Jou ¢SK3AANS UL SILP

Ut udaye} SJUBWUNSEAW JO S3A BYJ Ul SILIUIISISUODUL JO 3SNeIIQ eyl pajou 3q pLnoys 3] "JuduB|d pazLs

yoea uL papasau sabued 3yl BuLjap 03 PIIDLJIXI UIIQ SBY SIIUNOS |BJIAIS WOJ4 BIRG °JUBUB|3 Je|npou yoed
40j JuUaWSANSEaW Itajawodoayjue pajdd (s uo paseq sy ulIsAs butzis ueinpow [euotjed e JO uoltulisg

SNOILWVYIGISNOD ONIZIS

‘xtJ3ew buizys aenpow 3yl Aq paaanod
aq pinoys jeyy abuea 3y3 se pajda(as sem dnoub yoea jo abues 31IuadAad Y3IGE 03 YIG AUl -JUBWS I Juduued
aanssaad yoea 40j SIZLS 3y} BULJIP 03 PIZL|IIN UIBQ SBY $IDANOS [LAIADS WOJY ©Iep OLajawodoayiuy,

*SJudWa|d pajdaas jo syjbua| pue suoi}das
sso4d yjoq burkuea Aq sazis 323lqns jo abuea 4apim © 03 31} © SU3}J0 U3y patuasaad xpajew burzis ayj

*314 40) JuduWB|d 3yl jo yibua| ay) A4eA pue enpiAipul
1sabae| 3y} 23epOUIOIIL PINOM IBY] SUOLIDAS SSOUI JUAWD|3 ILNS dpLAaoad 01 sem 3dadu0d 3yl “sased yjoq ul
‘weaboad Sy Yoaeasayly-JSC 3yl ut pue weabosd g-xy U0IILT-ISP Y3} Ut paso|dxa sem yseouadde buizis siyy

. ‘{enpLALpUL UR () 07 UOLIPULQWOD Ul P3|QUBSSE 3Q PINOD JeY} SIUBUD|D PAZLS JUILIILP apiaoad
oumn3m@~_muuwnn=mmomm:m;aouvo~_moan_=ou>—asommc=m:u:m»oz»_cow:uumgu juaaedde sem 3]

*S3UaUD {3 JULOf 3|QLX3LJ 03 PAIJAUUOI SJUAWD |3 pauoy A||eLdads jo A Quesse ue JO pajdnJIsuod st

24n35na3s pajefnoiige ue yong ~6uLylo|d 30 SI| D4R paz|(eLdads se JO peIISUL SIUNIINUIS J1yduowodoayjue

paje(noijJe se paubLsap pue paALadcuod 43aM SILNS SOYL °UOLIDAALP MBU B wouj A3L|Lqow pazianssaad jo ud|qouad
3y} payoeoadde s3ins aseds paey u033LI-ISP Y3 YItm uebaq yorym sytns adeds |ejuaudo|dAdp 3o dnoub y

*uorjeqo |dxd

aeun| pue (YA3) A3LALIOY JR{NOLYBARAIXT JO JUIAPE 3Y) YILM MaJb paziunssaud aliym A3Liiqow 404 pueuwsp
3yl 9wl 40 spors3ad 3A0YS J0j SUOLILPUOD ADUabIBWd Jdpun 3d3DXD PIZLUNSSAAD I|LYM SN U0j PIPUIIUL JIAJU
349M SILNS Yong  °s3Lns YBL 14 aunssaad Auabaauwd 40 SUOLIRALUIP Se paubLsap 3uam sIINsS adeds ALae3

SITYL3WOJOYHINY W3LSAS VA3

208




1 X 1 A 1 W L S 1 SX 1
ans - ﬁ 1 _-.._!;. n . 16721 ONIZIS 1MH
A m~ _ CRT vy 5861
0° L1 .w —Jovt LNVNOY¥LSY 3WY 6/61
|
g 11 _ Yy LnvNoyLsy 3y /761
] t Lt 3TVW35 SB61T
st 1621 1NYNOY¥LSY 37VWI4 6/61
2y €51 _l% 1 0°gl 1nvNO¥LSY 37VW34 //61
. o
£3
g
Z8 00° L1 00°91 0041 0°bl 0"t
Ga | <
o
od N
HLav3yg Wiwoddvig NOIYILIYD ONIZIS
S1S07 WILSAS 13344V ATLNVII4INOIS QIN0D LAVNOMLSY 30 NOI1J3T3IS LNIONIULS U0 O
SL¥3ISNI HL9ON3T ILVIGIWIILN] --
. SININOJWOD ONIZIS IVILNIYIIWNDYID JO SIONVY OM]  --
@35040¥d WILSAS ONIZIS ¥VINAOW 31dISV3i4  --
0

W3ILSAS ONIZIS ¥VINAOW SILVIITJWOI NOILYIdO0d ITWWIJ ONV 3VW 30 NOILNEIY¥LSIA TVAOW-1(

s QJIAFHNOOT \ VSV ssummm
SITYL3WOJOYHINY NW3 IINVAQY Jg

L d




*ybry A|3wda3xa3 3aq pnom 3d33lfqns buruuojuoduou e Hurlty 30 S3S0d AU0JUdAUL
pue uoL3onpoud 3yl °PaULIIP SIUSUWBUNSRAW Y} ULYILM L) OYM SIJEPLPURD UINUOM YA 329|9S 03 AueSSadau
aq Aew 31 paystL|qeIsd st xiuajew burzis ayy adug -3ty 03 a|qissod st L eyl $32\LQNS JO SIZLS Yy 03
SILWLL 3Q [[IM 343yl 1NQ ‘SIUBWSANSEIW ULPIAID U04 PO JLYS 40 pabaejud aq ued xtajew buLzrs ayy -smojle ejep
JUSA4ND 3Y] UBY] SIUBWIANSEAW JO SDURL JIPLM © UBA0D | |LM SIjepLpued Afeudj pue J|ew yjog eyl ajgissod st

3L ‘aoe(d s3)P] 31QUO UL S$YSP) IDUPUIJULEW PUP UOLIONAISUOD WUI] BUO| J0) SUINAO0M SO UOLIII|IS 3Y) SY

*Aluo duuosaad 3ybiLyy Juasauadaa Jou saop L Aduts

0s $s3| A1qeqouad S| U0L)I919s3ud AQ pamMayS OS|P I[LYM UBWOM AJL04 ALY UO BIEP 3Y] °SUOL}II|IS U3L|4ed
fupanp HULUB3ILIS 03 BNp uoL}IB|[3Isaud AQ pamays aJe |duuossad JybL|J 32404 JdLy I Pl WOLS PIALUBP eIeg

‘suotjenba uoLssaubaa 3|di3Mu AqQ paALaap uUdY] dudM

S3|ewadj GBET 40J SIUBWBANSEAW 43Y3() °udw 40j pajdafoad jeyy se aanjels pue JYHLaM uL 33ea YImoub auwes ayy

burwnsse pue pIep 32404 JiY 8961 Yl uo paseq I|euR) GRE6T 3yl 404 suotidalfoud pasedaud arey am ‘apew ayy se
ymoub jo ajea awes ayjz obuspun | |i1m uorjeindod 3 |eudy 3yl eyl dJwWNSSe 0] S| qeuosSead SWIAS L IdJULS

‘Le "33 ‘uasnhe|) Aq uduwoM 33404 aty jo Aajdwodoayjuy wouy SALUBS-QNS 43D1JJ0 Y] uo
paseq 2jewt3s3a ue St paptAoad uorjeumojur 3yl ‘uorieindod 3du04 4Ly ILPWAS DY) JO SIAUND Ymoub uo eyep jo
¥oP| 0] 3NP ‘UIAIMOH °SIUBWBANSEIW J[PuBS GBET SO papilAouad St ejep ae|Luns °*SdAUNI yMoub uorjeyndod

U0 paseq Ssa|ew g6l JO SJUdWRANSEAW UA0j SuoLdafoad saprAaoad $201 uoLIedL (qnd ddUdL3SdY YSYN

(p,3u02) SNOILWVYIAISNOD ONIZIS

2o




J9NVY 370G0Y 39UV
@ JONVY 3INAOY 1IVKS
SLIWI 3TV

SLIWIT 31VW34

AA
A A 4

, ON39TT
WML u.v HLONI] 1004
o< A v A \/
=2 _\ﬁU mi i L 0 ch.c
-J—;R |
= mw. 2 ﬁ“u.. v mﬁu 937 ¥3IMOT]
F ™ [A l 8 « { S
o0 1+ -
%ﬂv @L A ON & 937 ¥3dd|) =z
5T i (T (¢
Rmb_m aviO0) m.iu HLON3] 0SH¥0)
[4 a4 [AL4 74 (A4
9'3T (A (Y WA @V.w WYV3HO |
07§T___%0[IT 0ot 6
T @] JuMDII.@ 21 Wy ¥3dd) EINIWTT3
ST bl <1 21
w——— ( IIH}N DO VSUNN s

SITY1IWOdOYHINY W3 GIINVAQY




‘paddeusds aq pnom

°1437 140 uoijen|eAd 3y3 Hurjaaw jou sJUBBI (LY -sasodund HuLuieal 40 YJAed U0 PAULEIBS A0 ‘ILQJO UL

371AJ3S 0} PauJnjad 3q Jayl|d PNOM JUULB|A Y3 ‘uojlen|eAd uodny °snje3s Jredad aapleas 443yy bupuruuazap

J0 SUEAW 3JUO 3G PINOM S3UNIINAYS pibLa pue duempaey jO UOLIRULURXD Aea-y °pajen|eAd pue *‘pa|quassead

‘pade|das spoob 340S “paueald ‘umop U403} 3Q pLNOM Saded butaeaq pue sbuiaeag °yjJed uO PaUOLILIS SMALD
acueuajurew AQ pajpuey aq pLnom siseq (Yjuou-xis) o1pot4ad © uo pawuosad Hui3sa) IALSUIIXD AUOW

6uL3sa] pajiwi] Jwos pue ‘uop3dadsui |ensiA
*syayseb buyjeas pue sbupaeaq bugzedtuqny JO ISESUOD SYSE] IJURUIJULRW ‘quaumeb ay3 jo Hupuaysaay jeuuou jo0
9pLSINQ °3JULUIJULRW 3|QUO-U} Pa4LNbAL SO JunOwe 3y} SILWL| W3 dY) OJuL 3|iNg A3L1qes 34 ybry ayy

*WA3 01 Jotpud pasn ag pinoys auanssaad 3533 |ewaou ueyy Jaybry A13y61 s danssaad
e ‘Nu3 3yl 40 Aouednddo yjiM PajeLdosse SPeO| Padnpul-uew YitM °sANuLw A3404 JO poOLJ43d © ULY)}imM pwduoy
-43d 3q pLNoJ 3N0-323yd> pauuop pue ‘6uruuop ‘b6uizisaa 333 dwOd © JeY) PIUOLSLAU3 Si 3] °UOLIJR IALIIAII0D
404 juaunJdedap ubLsap ayj jo uoLIUdIIL 3Y3 03 Jybnouq pue pauaA0ISLPp Ayoinb aq pinom dotaaap ybrw yotym
spuaal Jeam Aue ‘wdysAs 6oy 433ndwod ay3 bursn °3jL| (NJISN aLaY} Burziwxew SNy} *eSUIA IILA pue jIieq ayl
aW023Qq UaY] PLNOM JuOJ4) 3Y3 eyl O0S (OGT PaILI0OL 3Q PINOM SJuLof 3sayl ‘3L3L0s ydea 433 jy *uorjeanby juod
jJutof {PpPLOAO] B UL PIJINAISUOD Ade we:u 1tns ay} jo sjuawbas asoyy 404 papiAcud 3Q pLNOM UOLILILSLIUIPL
yoeq pue Juoay [BUOLILpPY °A3Ldeded 3Sa| [Ny 413y} 0} PAsn 3G 0} SWAIL L PIPU3IXd MO| (e pLNOM SLyl “(W3
L2307 3y} JO JUBWD|d YJed 40} SIN|PA JRIM PL0IaA A|{edjjewolne uayl pnom a91ndwod ay) “usom buraq Jpun
ay) 40 uy pabbol 2q pLnom ysel pue 3wy I13JA0S €03 YL 3| ILNS [LI0I ueyd J3Yjed Isn juduodwod uo
1day 2q pinod Ho| 433ndwod e eyl 0S J3}JLIU3P} UR 3ARY PLNOM NWI 3Y] JO JuaW3|3d Yol *buLziSaa 40/pue
fuLuea|d 403 umop ¥eauaq A(1Sea pue A|}oinb pLnoMm NI 3yl “ILun 3yl jjop pue *s3.anpad0o4d U013 PULWIRIUOIIP
paJinbaa Aue ybnouayj ob *diLys 9yl 03 UUNIAJ PINOM We] JS4L Y} °ILIL0S ANOY-XES J13Y3 JO uo133|dwod

uodf °S34LYS JNOY-X}S [eFIUBND3S HuLNUOM SAIQUBUMALD UNOJ BILAUIS pNOM  SMWT pasodoad 3y3 j0 om)

*$341ys BuL1PI04 UO SUIQURUM3LD [BJIAIS U0 UOL3II3I0ud

a|1qow JO Sueaw © 3ppAoad PLNOM JLUN SLY3 “S3LIAD leuorjeuado ua3 jo (eob ubysap e bujaey pue ‘3|qey |34
19K aeinpol ‘NW3 Palsabbns ayl Aq pasueyud A13e246 3q pinom °juabupjuod pue pauue|d y30q °*s3sel VA3I

311405 GINOISIANI A90TONHIIL M3N

2)Z




GE IS
ORIGINAL PR

SIN3W3ITI TTYNISYVW 40
IN199VId ANV SOILSILVLIS 379N0Y¥L/3¥NTIV4

SLNINOJWOD 40 INIWNOISSY ONV JONVNILNIVW H1¥V]
INIWNDISSY Q] ONV
JONVNILNIVW LNINOdWOD L1H¥0-NI G3AIV ¥31NdWO)

INIWIIVIdIY/NOTLIIISNT LININOJWOD 40 3SV]
L1940 NI SININOAWOD [J|j] 40 ¥3IGWAN WNWINI}

d7131A SIN3INOJIWOD 34177 9NOT ALIY¥VINAOW G3IAN3LX]

0
IQUNI!UOJ\E\Z —
ANNOYYNYNL INIWAINOI NWI TIINVAAY

&S

\\n’

Z1z



1]/

NOILVII411IN3A]l 3I79N0OY¥L ANV ONINIOVYL 431V YILNdWOI--

) D'

mwmm 11940 NI dn @71ng ININOJWOD ¥VINAOW--GNNOYVYNYN| INIWdINO  --

23 ONILHOIT NI-1714 ¥04 NOILVINJIL¥V GNV ALISNILNI Q30A¥IS--ONILHOIT YA -- <
de W3ILSAS ALINVINAOW G3ANILXI TVAOW-18--SITYLIWOJOYHINY  -- N
28 JOV4YIINI 1001 YIMOd ¥VINAOW--

= 039 ¥04 13SSIA WNSSI¥d ¥OLIIJ4I--

oo 037 ¥04 3IA0T9 ¥VINAOW--30L1I34343/3A019/700)  --

INVYOL MOT ‘ALITIEOW T1IN4--S1234d43 ALIIdoy  --
SV9 GIXIW 1Sd Qu--3¥NSSI¥J TYNOILVYIA)  --
@3ssayaav LoN (39--

037 ¥0d4 N9IS3A NO LIVAWI WNWINIW--NOILVIAVY -
AD0TIONHI3IL 3EVIIVAVY S3IZITILN Y] G3IONVAQYy O

mmmmn (] = T H M D O ] 000000000000 s | /S /]\] s—
AYYWWNS NW3 AIINVAQY




R
. 1 s C}
.}-3 S‘ ¢!

bt
ek

.

PAYLOAD IVA TRAINING AND SIMULATION

James H. Monsees
Crew Systems (62-91)

Space Systems Division
LMSC

215

LOCKHEED MISSILES & SPACE COMPANY. INC.

Jmat

-
Il



1y "~ v ) y - - ~
e T il "‘ ’3 I -
PAYLOAD IVA TRAINING AND SIMULATION
James H. Monsees, Orgn 62-91
IMSC, Sunnyvale, California
ABSTRACT

Training activities for the payload are the only Space Shuttle flight courses which are
not the responsiblity of NASA*. Payload training is conducted by the payload
developer. Lockheed, in this role, has implemented a training developmer;t methocic;-
logy, in support of its payloads, which is economical to the program while fulfilling
‘the contractual requirements. The major points of this paper describe Lockheed's
training and simulation development approach and contrast them with both the NASA
and the Instructional Systems Development approaches, to illustrate how economics
are achieved.

* Excluding those NASA payloads developed 'in-house'.

Challanges of Payload Training Development

Payload IVA training programs present some unique challenges to the contractor.
These tend to make the development of payload training relatively expensive
proposition. The four primary "unique" characteristics and the methods Lockheed is
using to meet the challenges they present are discussed below. They include (1)
compliance with established training standards, (2) meeting varied needs, (3) main-

taining security, and (4) accommodating changes.

Compliance With Established Standards

An initial consideration is that as the contractor, Lockheed, is developing training for

a clientele with very regimented procedures, operations languages, and document

1
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formats. Payload training development teams must be familiar with NASA docu-
mentation and the customer's preference (Military specifications, Military standards,
etc.) to insure development of acceptable training programs. The key to cost
reduction is for the contractor to be close to 'on target' with the early iterations of

the training plan and the first package of training materials.

Meeting Varied Needs

The Payload training programs are designed to familiarize all of the responsible crew
members with Space Shuttle payloads. All of the personnel who must become
familiar with the payload's characteristics, payload operations, and the materials
equipment and aides associated with those operations will be taught by the contrac-
tor. While the training is intended for the Payload Specialist, since he is the primary
operator, the courses must be given also to Payload Operations Control Center
(POCC) ground crews, NASA ground crews, and the NASA flight crew, to meet their
specific needs. Typically, while the Payload Specialist operates the payloads from
the aft flight deck, the Mission Specialist is his IVA back-up, the pilot provides EVA
support, the commander and pilot position the Orbiter and use the RMS to support
payload operations and the ground crews execute commands 'and monitor crew
activities and payload status. The instruction associated with payloads, then must be
packaged in several ways to meet the varied needs. The challenge to the contractor,
attempting to compete in the payloads market place, is to develop the fewest

programs possible for meeting everyone's needs.

Maintaining Security

Another unique characteristic of payloads is that some of them must be built, tested
and operated in secrecy. Classified payload training imposes many constraints on the

contractor as the training developer, and on all of the personnel who are to be
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trained. Payload courses which are classified must handle and control classified
materials, provide secure training facilities and secure simulation interfaces. Ob-
viously; classified training is a cost driver, but costs can be controlled through a
mature security program. The primary planning factor which is impacted by
classified training courses is response time. Because of the requirements for all
program participants, written materials and training aids to be controlled, there is a
slow-down effect on requirements analysis, course development, and course imple-

mentation and revision.

Accommodating Change

A second characteristic of payload training programs, in contrast to the NASA Space
Shuttle flight programs, is that the hardware and the operations tend to be uniquely
different for each payload. There is very little "generic" training in the payload
cirriculum. A second challenge, then, is to continue to develop totally new programs,

while maintaining quality in the curiculum.

LMSC Approach to Payload Training Challenges

The training development responsibility for each Lockheed payload falls on each
specific program office. The Program Training Manager staffs his training group as
efficiently as possible. The manager usually calls upon LMSC's Space System
Division's Crew Systems organization for providing an experienced Space Shuttle

interface team.

The Crew Systems group employs a variety of disciplines, which interface with
program engineers at various stages of program development. Figure 1 gives a
breakdown of the LMSC Crew Systems group and highlights the relationship to

training and simulation for each program. This approach of manning the program

3
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with a Shuttle oriented group, assures that a body of experience will be available to

each new program.

The Program Training Manager uses the Crew Systems personnel (who have usually
been involved in program proposals) to interpret both NASA and military standards
and specifications, to review standard NASA and Ground Crew operating procedures
and to assist in or lead the development of specific modules of the training program.
The availability of a body of personnel who are experienced in Shuttle Payload

development is invaluable in the eificient production of new training programs.

A vital element of new payload training program development is interface planning
Lockheed has established three levels of working groups to insure this interface. Th
working groups, as shown in Figure 2 consist of the Crew Training Committee (CTC
the Crew Activities Working Group (CAWG) and the Payload Operations Workir
Group (POWG). The CTC is an in-program group consisting of writers a
instructors, which regularly integrates training and simulation development actis
ties. The CAWG is an LMSC wide group which iﬁterfaces the Program Traini
Manager with course writers, editors, artists, and security personnel. This gre

meets to coordinate the production, evaluate and distribute course materials.

The POWG is an interface group in which the developers and all of the users have
opportunity to review objectives and status of the payload training progra
throughout their stages of development. The employment of planned interfaces
all personnel involved significantly reduces the amount of time lost in pursui

invalid requirements.

Z19



ORIGINAL PAGE 18
OF POOR QUALITY

0C D

EDEER

YOUT &
LI‘JES GN

-

FIG 1

------ _l -— e wn wm wm wm wn b W - - v = - -T - am a» -
! ] Q PAYLOAD
| sy'g"""‘—ms | . PROGRAMS

CREW SYSTEMS RELATIONSHIP TO LMSC PROGRAMS

FIG 2 WORKING GROUPS ESTABLISH VITAL INTERFACES

CREW TRAINING
COMMITTEE (CTC)

CREW ACTIVITIES
WORKING GROUP (CAWG)

PAYLOAD OPERATIONS
WORKING GROUP (POWG)

JPO (Status review)

P/L TRNG MANAGER
COURSE WRITERS
INSTRUCTORS

JPO (Status review)

P/L TRNG MANAGER
COURSE WRITERS
INSTRUCTOR
EDITOR

ARTIST
PUBLISHER
SECURITY

JPO (Status review)
NASA

EXPERIMENTERS

P/L TRNG MANAGER

220




Meeting Varied Needs

Several actions are taken to make training programs meet the needs of all the
personhel involved, while keeping costs to a minimum. The tasks of all payload
operations personnel are analyzed; a program which meets the most stringent needs
(those of the Payload Specialist) is developed, and a simple tailoring strategy (for

other personnel's training) is devised and implemented.

The multi-level task analysis of all ground or flight positions is essential. It provides
scope for the training developers. The data for most of the analyses are found in the

program proposal, the training plan and PIP annexes.

The analysis can be multi-level, in contrast to ISD methodology which insists upon
rigorous task analysis for all tasks. Tasks which are understood and for which
training is straight-forward receives no more than a simple inventory. On the
contrary, critical tasks which are new, such as for example, IVA-EVA coordination of

a manual-override operation, undergo task-timelining in detail.

Training is developed using a moderately complicated Payload Specialist scenario,
which exercises all payload interfaces in the aft flight deck. The development
assures that the Payload Specialist understands his mission, all of his interfaces, his

equipment and the payload dedicated hardware. He experiences three stages of

training: information, part-task (hands-on), and rehearsals.

Training for other personnel is usually based extensively on the Payload Specialists
program. The cost effectiveness concern emphasizes the need for very minimal
changing of the core training program. In a recent payload training program, hands-

on training was deleted from the ground crew courses and instructors modified their
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presentations to provide details or overviews, based on what the different groups

required. Figure 3 summarizes the recent payload course development approach.

As a final step in keeping costs down, Lockheed has innovatively developed an
approach to reduce dedicated, hard training materials. That is, no texts, no films,
videotapes nor workbooks are developed specifically for payload training. The only
dedicated training products for the most recently developed course were a training
plan and viewfoils. The comprehensive training plan contains the course and lesson
objectives providing consistent direction for the course development. The training

viewfoils were used to guide the instructors and were used as handouts.

Maintaining Security

Security is a crucial concern for payload training developers. Security, which is
required for program training personnel, documentation, facilities and communi-

cations interfaces increases the cost of payload training programs.

Lockiheed classified programs use, in addition to internal personnel, personnel from
the editing staff who maintain program clearances. This editing staff interfaces with
the course production support functions such as artists, publishers, and photographers.
These editors are the primary interface between the draft course materials input by
the course writers and secure production support facilities. They,'as well as the
program course developers (writers) are familiar with the security constraints on the
materials developed., LMSC has learned that it is essential to use checklists to insure
that security provisions are included on the materials, that is that they are
appropriately stamped, given document numbers and are controlled. Also, forms are

used to pass course materials on its support functions for completion and to return
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them to the course writers. Close tracking of security details is essential to prevent

a time loss due to misplaced pages or improperly marked course materials.

Secure facilities are provided at LMSC for classroom training and for hands-on
operation. Economy is achieved through the muiti-purpose and multi-program use of
common facilities. In a later paragraph, the Advanced Vehicle System SATLAB is

described. It is one example of a secure training facility.
For future program requirements, there is a need to employ secure communications
for integrated training and simulation. These resources are in existance at Lockheed

_but are not currently used for Space Shuttle payload training.

Accommodating Changes

Since payloads for each program tend to be significantly different from one another,
the training courses themselves require unique efforts. The most effective way to
control training development costs has been to use experienced personnel, who
maintain source documents and lessons learned documentation and are familiar with
using reconfigurable simulation capabilities. Using this approach, the need to
reinvent is minimized.

Source documents for course development are maintained in data banks and readily
accessible to program course development personnel. Where experienced personnel
can short-cut analysis and training development time by using documentation from
previous efforts, this documentation is normally used as a starting point. Source

documents and lessons learned are a particularly valuable resource.
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Payload systems are rather complex and tend to be somewhat unstable until the final
stages of payload development. Lockheed has found that engineers who have skill in
presenting briefings are readily convertable into instructors and are well informed on
their subjects, due to their continuous involvement with the payload. A cost
reduction is achieved by eliminating the time required to train an instructor to be

totally conversant with spacecraft systems.

Reconfigurable Simulation

Lockheed uses the AVS SATLAB, mentioned earlier, as a hands-on Payload Specialist
procedures trainer, Figure 4. The SATLAB, therefore, is a vital element in Payload
Specialist training. The SATLAB layout is‘shown in Figure 5. A secure training
facility, the SATLAB supports many aft flight deck requirements, including Payload
Specialist training.  Payload Specialist requirements involve using interactive
monitoring/command panels. Use of the panel is normally moderated through
training scenarios: and it is operated only as directed by the payload flight data file
Orbit Opérations Checklist. Since visual feedback of the payload is required, video

monitors are positioned at the aft flight deck windows.

To assure a cost-effective, low risk implementation of the SATLAB, LMSC is using an
incremental development approach. The increments were planned in four stages,

each determined by payload program requirements and program funding.

The first stage uses actual flight Payload Specialist panels, and connects the panels
to the payload through hardwire cables. Also closed circuit TV is used to show

payload status visually.

10
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The second stage implements a computer simulation of the payload. The simulatio

provides Payload Specialist panel malfunction indications; a capability which i

generally not available using the actual payload.

The third stage incorporates computer Image Generation of outside visual scenes t

incorporating a low-cost four window system. At this stage the orbiter attitude

ephemeris and trajectory are modifyable.

The final stage of development involves including the RMS, if and when that t:

becomes an associated Payload Specialist responsibility.

Figure 6 shows the development stages of the SATLAB and some of the suppor:

programs which are driving the phased development.

Conclusion

STS payload training at LMSC is still in its nacent stages. However, the contir
growth of the Space Shuttle payload manifest, the growing involvement of ma
the-loop and Lockheed management's commitment to support payload IVA tra’
indicate that Lockheed's training development programs will grow in paralle] wit

shuttle payload program.

Through the aforementioned training approach techniques, Lockhead has been ¢
reduce the overall ‘classic' training program cost some 2 to & times fror.

experienced previously. Thus, this realized saving can be passed on to the cu

as a substantial cost reduction - so important in the overall responsibility
contractor in support of STS payload development.
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JREWORD

his study originated because concern was expressed by government space system
lanners that the potential capabilities of the space shuttle may not be fully
xploited in future space systems. -

‘hese space shuttle capabilities are expected to provide the following:
1. On-orbit mating of components, subassemblies and assemblies.
2. Satellite retrieval and return to earth.
3. On-orbit satellite check-out, repair, refueling and testing.

Because the shuttle has these capabilities it was postulated that reliability
and test requirements might be reduced for the entire acquisition cycle for
spacecraft.

The original paper was given at the Sixth Aerospace Testing Seminar at Los
Angeles on March 11 - 13, 1981, and covered spacecraft designed built and
tested by LMSC and flown using expendable launch vehicles over a ten-year
period through 1978. Today's paper is an update and an abbreviated summary
of that earlier paper. It covers additional history through 1981.

PURPOSE
The purpose of the study is to answer the following questions:

1. In the shuttle era, is it necessary and cost effective to provide highly
redundant spacecraft since they can be retrieved from orbit?

2. Are extremely extensive environmental tests still necessary at the system
level?

The experience of LMSC's many spacecraft over a 12-year historical period can

be extremely useful in providing data to help assess the value of redundancy

and systems test programs.

BASIS OF STUDY
The study analyzed the history of 67 spacecraft over a 12-year period. Each

of these were looked at in two different ways. For each spacecraft the follow-
ing assumptions were made:

.
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1. Redundancies but no environmental system acceptance testing. The study

estimated what the duration of spaceflight operating time would have been
without environmental system testing but with the redundancies of the
actual spacecraft.

2. Environmental systems acceptance testing but no redundancies. The study

estimated the duration of spaceflight operating days with the systems

environmental test performed but with the assumption that alldésdundancies
had been removed.

TESTING PROGRAM

Each of the spacecraft reviewed were subjected to comprehensive system environ-
mental acceptance tests in accordance with MIL-STD-1540 as amended by contractual
documents. A typical sequence is as follows:

1.

b et b ped d b b pesd b
W N OV N B W N =O
. . . . . . . . .

W 00 N Oy 0 & W N
e & s e e e s s

Serial System Test (verify component capability)
Baseline integration
EMC
Functional
Acoustic
Functional
Pyro shock
Functional
Mechanical Release Systems check
Functional
Pressure leak
Functional
Booster compatibility
Functional
Weight and CG
Alignment
Functional
Thermal Vacuum Cycling
2 temperature cycles minimum at +10°F to +100°F in a vacuum, 10'5 Torr.
First 4 days, thermal balance
(a) Verify equipment thermal design
(b) verify analytical thermal models
(c) Verify heating and cooling system performance margins
for hot and cold extremes for both primary and back-up
Circuits,
-2-
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19. Functional

20. Antenna deployment

21, Final functional

22. Mechanical preparations

23. Confidence tests

24. Shipping preparations

25. Ship

NOTE: During thermal vacuum testing redundant equipment is exercised
separately (an together if applicable), and, components are not
allowed to exceed acceptance test temperature levels.

In addition to the system tests, each component received an acceptance test prior
to being installed in the spacecraft. A typical test sequence is as follows:
1. Functional

2. Random vibration (3 axes)

3. Functional

4. Thermal vacuum cycling (5 cycles, 75 hours) at -10°F to +140°F

5. Functional

6. Leak

7. Functional

8. Burn-in thermal cycling (30 cycles, 330 hours) at -10°F to +140°F
9. Final functional

Ground Rules of Study (See typical methodology chart)
Case 1. Redundancy but no environmental testing. Each spacecraft history

was reviewed to determine the number of days in system environmental

acceptance testing until a critical equipment repetitive failure
occurred. (Ambient system test operating time was not counted
because we assumed it would be done even if no environmental
testing were performed). If no second failure occurred in system
test the spaceflight operating time was counted up to the second
failure. '

Case 2. Environmental testing but no redundancies. Each spacecraft operating
history was reviewed to determine the point at which the first mission
critical failure occurred on a redundant pair., The number of succes-
ful spacecraft operating days would have ended at this time if no
redundancy was aboard.

-3-
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CONCLUSIONS

Significant reductions in the number of achieved days would have occurred without
system testing or redundancies. The following is tabular summary:

67 SPACECRAFT CUMULATIVE TOTALS
ACHIEVED DAYS 29,270 ACTUAL
REDUNDANCY ONLY (NO ENVIRONMENTAL TESTING) 5,584 EST.
ENVIRONMENTAL TESTING ONLY (NO REDUNDANCY) 8,812 EST.
TOTAL SYSTEM FAILURES 357
TOTAL FLIGHT FATLURES 119

From the above it can be concluded that--

1.

Spacecraft with the same redundancies as used in the past, but eliminating
systems environmental acceptance testing would have to be delivered at 19% of
the current cost to provide the same effective on-orbit days.

Spacecraft without redundancies, but subjected to the current systems environ-
mental acceptance testing would have to be delivered at 30% of the current

cost to provide the same effective on-orbit days. :

Environmental testing appears to be more effective than redundancy in increas-
ing on-orbit mission days.

The present practices of providing redundancy of critical components and environ-
mentally testing the spacecraft are cost effective and should be continued into
the shuttle era.

357 potential on-orbit failures which could have been mission critical were
detected during systems environmental acceptance testing.

In the shuttle era, these spacecraft would need to be retrieved for repair 3 to
5 times more often if they did not have redundancy or system environmental test-
ing. This would be a significant economic impact in addition to the potential
misston time value loss that cannot be estimated in dollars.

The final result of this study is that LMSC is convinced of the significant value of
redundancy in spacecraft and systems environmental testing and such techniques should
be carried forward into the‘shutt1e era. '
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ANALYSIS OF SATELLITE SERVICING COST BENEFITS
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I INTRODUCTION

Projection of future costs depends very strongly on a series of assumptions,
which must be carefully stated so that the conclusions are not endowed with
more meaning than is justified. When the assumptions are clear the reader will
be able to alter those that are inapplicable to his special set of circumstances
and observe the results as tailored.

For the purposes of this paper, cost avoided in selecting one course of action
over another is defined as "Cost Benefit." This paper addresses the methodology
for preparing a cost benefit analysis pertinent to establishing the relative
values of performing satellite servicing in various ways. It further applies
the methodology to the benefits that could be realized by the user community

in the timeframe of 1983 through 2005.

II SUMMARY AND CONCLUSIONS

Under the auspices of NASA/JSC a methodology was developed to estimate the
value of satellite servicing to the user community. Time and funding precluded
the development of an exhaustive computer model; instead, the concept of Design
Reference Missions was involved. In this approach, three space programs were
analyzed for various levels of servicing. The programs selected fall into
broad categories which include 80 to 90y of the missions planned between now
and the end of the century. Of necessity, the extrapolation of the three pro-
gram analyses to the user community as a whole depends on an average mission
model and equivalency projections.

The value of the extimated cost benefits based on this approach depends largely
on how well the equivalency assumptions and the mission model match the real
world. A careful definition of all assumptions permits the analysis to be ex-
tended to conditions beyond the scope of this study.

Currently "reasonable" assumptions reveal that on-orbit servicing of a space
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resource, compared to the expendable spacecraft approach provides a positive
cost avoidance. Of the various servicing modes, on-orbit refurbishment of a
satellite is superior to returning it to earth for refurbishment and relaunch.
It is also found that making use of a space station as a service base, where
applicable, provides the greatest potential cost avoidance.

The study estimate indicates that on-orbit servicing can provide the user com-
munity with a potential cost avoidance of close to $1.5 billion in 1982 dollars
or $13 billion in inflated current dollars in the period of 1983 through 2005.

I11 METHODOLOGY

The development of a logical progression of tasks is second in importance
to the clear enunciation of consistent groundrules and assumptions. Figure 1
illustrates the steps established to guide the analysis of cost benefits per-
taining to satellite servicing. The objective of the study was to estimate
the total cost avoidance accruing to the space-user community through imple-
menting on-orbit servicing of satellites. The first step in accomplishing
this end was to define that user community. The Mission Model developed to
provide such a definition was derived from two basic sources:

1. NASA STS Mission Model, JSC-13829, Oct 1977

2. STS Flight Assignment Baseline, JSC-13000-6, Mar 1980
The first of these is the most extensive, with a cutoff date of 1993 (after
allowing for the STS schedule slip). Therefore, it was necessary to extend the
model for cost analysis through extrapolation. Conservative annual traffic
growths of 10 and 15% were used depending on the most recent published manifests.

In compiling the Mission Model the planned space programs were classified into
four groups: 1. Low earth orbit (LEO); 2. sun synchronous orbits; 3. geo-
synchronous orbit (GEO); and 4. all others. The final classification was too
diverse to be used in estimating the cost benefits. It is unrealistic to
develop individual costs for each identified space mission. The approach used
is to define a mission representative of each class and apply any cost benefit
realized in analyzing that mission to the entire class. Thus, the second step
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is to select the representatives or design reference missions (DRM's). The
Space Telescope is a well known example of a LEQ mission, though it is probably
much more cdmplex than the average LEQ satellite in the Mission Model. This
factor is taken into account by the normalization procedure explained below.

It is also apparent that the detail planning of the actual program does not
lend itself to generic comparative costing. For this reason certain liberties
were taken with the Space Telescope in defining the LEO design reference
mission. Figure 2 shows the parameters used.

For the Sun Synchronous class a hypothetical program representative of earth
resources and certain DoD space programs was defined. Figure 3 presents the
parameters for this design reference mission.

The GEO class is represented by a communications platform that is in the for-
mative stages of planning. Figure 4 shows its parameters.

The third step in the analysis, as shown in Figure 1, is the definition of
mission scenarios. These permit the costing of the service operations as
well as the hardware involved. Four service scenarios are considered:

1. Expendable satellite, i.e., no service

2. Return to earth, refurbishment, and relaunch

3. On-orbit service performed from the STS Orbiter

4. On-orbit service performed from a manned space platform.
This completes the framework and the cost analysis proceeds for each of the
design reference missions and for each of the applicable service scenarios.
For all classes of missions the expendable case is considered the baseline
against which cost avoidance will be judged. Once the gross program costs
are determined, the option providing the maximum cost differential is selected
as the optimum scenario for performing the mission. The avoided cost resulting
from selecting a servicing option in preference to the expendable baseline is
then "normalized" by computing a "Cost Avoidance Factor" which is simply the
cost avoided per unit spacecraft mass per year of mission operation.
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To apply these results to the user community as a whole, an average spacecraft
mass and an average mission duration is selected. The kilogram years product
is then multiplied by:

1. The population for the mission class in a given year

2. The fraction of the total population designed for service

3. The applicable Cost Avoidance Factor.
The output is a time-phased cost benefit.

To this point, constant year dollars have been used to express the cost benefits.
The final step is to include projected inflation and present the results in
“Then Year" dollars.

IV GROUNDRULES, ASSUMPTIONS, AND MODELS

The need to reduce the analysis to a tractable level leads to some hard decisions
on the assumptions to be accepted. Figure 5 enumerates those pertinent to this
study. The term “"sunk costs* refers to the expectation that the charges for the
use of future NASA-developed space vehicles will be treated in the same way as
are those of the STS. That is, the user will not be charged for the develop-
ment of the vehicle but only for the recurring costs associated with its util-
ization.

A cost differential between expendable spacecraft and those designed for service
is necessary to account for the man interface and mechanisms required to allow
equipment changeout in orbit. The assumptions that the serviceable spacecraft
development is 25% more and that production is 10% more than the cost of the
expendable satellite are based on somewhat larger values for the Space Telescope
program, adjusted for the expectation that as the state-of-the-art matures the
cost differential will decrease.

The RCA "Price H" model was used to estimate parametrically the space vehicle
costs. "Price L" was used to estimate the on-orbit maintenance tasks. EVA
and other STS charges are derived from the NASA Space Transportation Cost Reim-
bursement Guide, 1980.
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Figure 6 tabulates the cost elements evaluated for the various mission classes
and the sources used in preparing the estimates. Other cost models are avail-
able and may be preferable for specific cases.

The RCA cost model "Price H" assesses the cost to develop and product space
hardware against required schedules. It uses a weight-based set of cost-
estimating relationships (CER's) and complexity of design factors as its infra-
structure. It also includes a computation of integration cost.

The Price L" computes the cost of operations and maintenance support from the
“price H" files. It is capable of detailing the maintenance and spares policy
based on input MTBF values.

The Richardson model computes the cost of facilities and site preparation based
on a dollar-per-square-foot construction data base.

The fraction of the space-mission population that will be designed for service
and, therefore, have planned service as part of the mission requiring costing

is estimated in Figure 7. The minimum fraction is taken to be 10% and the growth
is expected to be greatest for the low earth orbit missions reaching nearly

100% by the year 2000. The growth in the case of the sun synchronous missions

is expected to be lower but approaching 70% by 2000. " The added advantage of
space-platform based servicing is expected to result in a higher growth rate

for GEO satellites, but with their later start, 35% of the population is estimated
to be serviceable at the end of the century.

The complete definition of the missions to be costed must include an accurate
scenario. Figure 8 shows the events that make up the various options costed
for the LEO missions. Figures 9 and 10 define the Sun Synch and GEQ missions.

V ANALYSIS RESULTS
The total cost estimates for the three Des%gn Reference Missions and their
service scenarios are presented in Figure 11. In each case the cost avoided

is the difference between the cost of the expendable spacecraft mission and
the service option.
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The cost-avoidance factors computed from the individual avoided costs are shown
in Figure 12. This figure also defines the specific classes and scenarios
analyzed in this study. Figure 13 plots the potential cost avoided for each
type of mission vs time. The cumulative results for the three mission types
are also plotted. This figure gives the results in constant 1982 dollars. The
benefits returned by the GEO mission are seen to accrue starting in 1997, be-
cause the projected initial operating capability for both the OTV and the SOC
is 1992 (and the first benefits accrue 5 years later).

The potential cost benefit to the user community in inflated dollars is shown
in Figure 14.

VI EFFECT OF PARAMETER VARIATION

Since the cost model computes the cost benefits as a population multiplied

by the Cost Avoidance Factor (CAF), a change in either can dramatically affect
the results. A larger population leads to greater cost benefits and vice versa.
The CAF is the unit cost avoidance multiplied by an average spacecraft mass

and the average mission life. If the 2500 kg and 5years estimated were actually
5000 and 10 respectively, the cost benefit would quadruple.
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GLOSSARY OF TERMS

CAF COST AVOIDANCE FACTOR

EVA EXTRAVEHICULAR ACTIVITY

6FO GEOSYNCHRONOUS ORBIT

LEO LOW EARTH ORBIT:

LMSC LOCKHEED MISSILES & SPACE COMPANY, INC.
MTBF MEAN TIME BEFORE FAILURE

S&R SERVICE & REFURBISH

STS SPACE TRANSPORTATION SYSTEM
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ORIGINAL PAGE i§
OF POOR QUALITY,

® USER - NASA

e QUANTITY -1

MISSION MODEL NORMALIZED COST AVOIDANCE
LEO | SUN SYNCH | ce0 | oTHER (SM/KG/VR)
83 | xxx XXX xxx | XXX LEO SUN SYNCH GEO
o SELECT REPRESENTATIVES
85 LEO SUN SYNCH CEO DEFINE AVERAGE MISSION PARAMETERS
. SPACE M
: TE e EPE yPOT COMPLAT LEO SUN SYNCH CEO
- - KG -— —_
LAUNCH/SERVICE SCENARIOS YR — —
EXPENDABLE RETURN ON ORBIT SERVICE CEC
REFURBISH
STS SOC SUN SYNCH |
RELAUNCH | gasep | sasen T
— — — — AVERAGE COST AVOIDED
-— - — — vR | No. | cosT cum
_ _ _ _ AVOIDED
83
— —_— — — [1]
CEO | s USER COMMUNITY BENEFIT
SUN SYNCH . YR CONST THEN YR
LEO i $ $
PARAMETRIC COST ANALYSIS 1 s XXX XXX
EXPEND Ry ORBIT =" XXX XXX
R STS soC [ XXX XXX
DEV XXX XXX XXX XXX \M . XXX
PROD XXX XXX XXX XXX .
L4 SERVICE XXX \J .

Fig. 1 Satellite Service Cost Benefit Methodology

o ON-ORBIT MASS 10,553 kg (23,268 LB)

e PLANNED REVISIT CYCLE -~ 5 YEARS*

e PLANNED RETURN TO EARTH/REFURBISH CYCLE - 15 YEARS*

s ORBIT

- 28.5° INCLINATION
- 5§93 km (320 nmi) CIRCULAR ALTITUDE .

*SELECTED FOR COST COMPARAT!IVE PURPOSES

Fig. 2 Space Telescope Reference

Definition
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USER - U.S. COVERNMENT

CONSTELLATION
- 9 TOTAL (3 EACH IN 3 PLANES)

- 9.3 DEGREE INCLINATION

- ORBIT ALTITUDE 833 km (450 nmi) CIRCULAR
MASS QN-ORBIT 3400 kg (7500L8)
MISSION DURATION - 15 YEARS

PLANNED REVISIT CYCLE - S YEARS

OPERATIONAL ORBIT ATTAINMENT Fle LEO
-~ SELF CONTAINED TWO-WAY CAPABILITY

Fig. 3 HyPOT Mission Definition



ORIGINAL PAGE i3
OF POOR QUALITY

® USER - COMMERCIAL

e CONSTELLATION

- 3 (SEPARATE LONCITUDES)
~ 0° INCLINATION
- SYCHRONOUS ALTITUDE

® MISSION DURATION: 1S YEARS
® PLANNED REVISIT CYCLE: 5 YEARS
® MASS ON-ORBIT a,540 kg (10,000 LB)

e SERVICE

- DEPLOYMENT/CHECKOUT
~ REMOTE REFUELING
- ORU CHANCEOUT

Fig. 4 Communications Platform Mission Definition

THE TIME FRAME OF INTEREST TO THIS ANALYSIS 1S 1983 - 2000
- AVERACGE MISSION DURATION FOR THE USER MISSION MODEL IS 5 YEARS

- AVERAGE SPACECRAFT MASS IS 2500 kg (5500 LB)

- COST BENEFITS ARE REALIZED ONLY AT THE END OF THE PLANNED LIFE, i.e., S YEARS AFTER LAUNCH
ALL COSTS ARE COMPUTED IN CONSTANT 1902 DOLLARS
ALL OPERATIONS COST ARE BASED ON PLANNED OPERATIONS (NO EMERGCENCY SERVICE}

OBSOLESCENCE IS NOT EVALUATED

NASA SUPPORT SYSTEM DEVELOPMENT COSTS ARE SUNK
- §Ts - OTv - soC

BOTH SATELLITE ON-ORBIT SERVICE AND CROUND REFURBISHMENT RETURN THE SPACECRAFT TO ITS INITIAL
OPERATING CONDITION WITH ITS ORICINAL LIFE EXPENTANCY

STS IS USED TO LAUNCH BOTH EXPENDABLE AND SERVICEABLE SPACECRAFT

SERVICEABLE SATELLITE DEVELOPMENT COSTS ARE 20 PERCENT CREATER THAN THOSE FOR EXPENDABLE ON
THE AVERACGE

AVERAGE PRODUCTION COST OF THE SERVICEABLE SATELLITE 1S 10 PERCENT CREATER THAN FOR THE
EXPENDABLE

ON THE AVERACGE THE COST OF A SHARED STS FLIGHT, e.9., SATELLITE ON-ORBIT SERVICE OR EARTH RETURN
IS 1/2 THE DEDICATED COST

CROUND REFURBISHMENT OF SATELLITES AND ORuUs ARE 1/3 THE UNIT PRODUCTION COST
COS'!’ ESTIMATING RELATIONSHIPS ARE BASED ON THE USAF UNMANNED SPACECRAFT COST MODEL V, SEPT 1931

ESCALATION INDICES USED ARE FROM THE RCA "PRICE”" MODEL (NASA CONTROLLER INDICES END AT 1988)

Fig. 5 Ground Rules and Assumptions
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s POCC

e SATELLITE DOWN TIME

SPACE OPERATIONS

e EVA

MMU

SUPPORT VEHICLES

SOC

STAY TIME

SOURCE OF COST
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RCA "PRICE H"
RCA "PRICE H"
RCA "PRICE H"
RCA "PRICE H"
RICHARDSON COST MODEL

“PRICE H"

COST REIMBURSEMENT GUIDE
COST REIMBURSEMENT GUIDE
COST REIMBURSEMENT GUIDE
LMSC

COST REIMBURSEMENT GUIDE
'PRICE L'
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COST REIMBURSEMENT GUIDE
LMSC
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Fig. 6 Elements of Cost and Sources
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CASE | - EXPENDABLE OF POOR QUALI?‘{

LAUNCH ST WITH §TS

ST EXPENDED IN S YEARS
REPLACE ST AT s YEARS
REPLACE ST AT 10 YEARS

CASE I - EARTH RETURN, REFURBISH, RELAUNCH

LAUNCH ST WITH STS

RETURN ST TO EARTH WiTH STS AT 5 YEARS
RELAUNCH REFURBISHED ST WITH STS
RETURN ST TO EARTH WITH 5TS AT 10 YEARS
RELAUNCH REFURBISHED ST WITH STS

ST EXPENDED AT 15 YEARS

CASE i1l - ON-ORBIT SERVICE + RETURN

® LAUNCH ST WITH SPACE TRANS SYSTEM (STS)
o SERVICE ST IN ORBIT WITH STS AT § YEARS
o SERVICE ST IN ORBIT WITH STS AT 10 YEARS
® RETURN ST TO EARTH AT 13 YEARS

CASE I11A - ON-ORBIT SERVICE

® LAUNCH ST WITH STS

o SERVICE ST WITH STS AT § YEARS
® SERVICE ST WITH STS AT 10 YEARS
® ST EXPENDED AT 1S YEARS

Fig. 8 LEO Scenarios

CASE | - EXPENDABLE

LAUNCH THREE HyPOTs FOR EACH OF THREE STS FLICHTS
HyPOTs HAVE FIVE YEAR LIFE

LAUNCH NINE MORE HyPOTs AT § YEARS

LAUNCH NINE MORE HyPOTs AT 10 YEARS

HyPOTs EXPENDED AFTER S YEARS

CASE Il - EARTH RETURN, REFURBISH, RELAUNCH

@ LAUNCH THREE HyPOTs ON EACH OF THREE STS FLIGHTS
@ REPLACE NINE HyPOTs AT § YEARS USING THREE STS FLICHTS

- 1ST REPLACES ) WITH 3 NEW
- IND REPLACES 3 WITH 3 REFURBISHED FROM FLIGHT NO. 1
- 3RD REPLACES 3 WiTH 3 REFURBISHED FROM FLICHT NO. 2

@ REPEAT REPLACEMENT AT 10 YEARS
@ HyPOTs EXPENDED AT 13 YEARS

CASE I}l

LAUNCH THREE MyPOTs WITH EACH OF THREE STS FLICHTS
SERVICE EACH MyPOT FROM STS AT § YEARS

SERVICE EACH HyPOT FROM STS AT 10 YEARS

HyPOTs EXPENDED AFTER !5 YEARS

Fig. 9 Sun Synch Scenarios

CASE 1 - EXPENDABLE

LAUNCH COMPLAT WITH OTV USING STS
LAUNCH THREE MORE AT S YEARS
LAUNCH THREE MORE AT 10 YEARS
OTV EXPENDED AT 10 YEARS

COMPLAT EXPENDED AT 15 YEARS

CASE 11t - STS BASED ON-ORBIT SERVICE

LAUNCH COMPLAT AND OTV USING STS

OTV PLACES COMPLAT INTO SYNC EQ ORBIT

OTV RETURNS TO STS

STS RETURNS OTV TO EARTH

OTV IS REFURBISHED

OTV IS REUSED TO LAUNCH COMPLATS NO., 2 AND 3

SINCLE OTV SERVICES THREE COMPLATS AT 5 AND 10 YEARS
OTV RETURNS TO §TS

STS RETURNS OTV TO EARTH FOR REFURBISH, REUSE
COMPLATS EXPENDED AT 1S YEARS

CASE 1V - SOC BASED ON-ORBIT SERVICE

LAUNCH THREE COMPLATS WITH STS

SOC HAS OTV AVAILABLE

OTVs PLACE THREE COMPLATS INTO SYNC EQ ORBIT

OTV RETURNS TO SOC AFTER EACH USE

OTV REFURBISHED AT $OC

SINGLE OTV SERVICES THREE COMPLATS AT § AND 10 YEARS
COMPLAT EXPENDED AT 15 YEARS

Fig. 10 GEO Scenarios
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Fig. 11C GEO Cost Estimate
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AL PASE 3
ORI COR QUALITY

COST AVOIDANCE FACTOR (CAF) IS/

THE COST AVOIDED RELATIVE TO THE EXPENDABLE SPACECRAFT
PER TONNE SPACECRAFT MASS
PER YEAR OF SPACECRAFT OPERATION

RETURN, ON-ORB!IT SERVICE
BASIS REFURBISH
RELAUNCH | STS BASED SOC BASED
LEO
CROSS (M) §5.5 168 -
CAF (M t/YR) 0.%2 1.06 -
SYN SYNCH
CROSS (%A4) 359 (1] -
CAF (M t.HR) 0.77 1.9% -
GEO
CROSS (sA1) - ns 987
CAF (SA1 t YR) - 8.8 4.83

Fig. 12 Cost Avoidance Factors

1.49%
3
Y o
s
an CUMMULATIVE
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32 X
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n
o o8k 0.511
b 7/
0/ 198
SUN SYNCH /~. A
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- . t
==~ &)

3% 90 92 9 % 9 00 02 08 05
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Fig. 13 Potential Cost Avoided by the User Community

COST AVOIDANCE %8

88 90 92 94 96 98 00 [ 04 05
YEAR

Fig. 14 Potential Cost Avoidance in Then Year Dollars
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1. INTRODUCTION

Materials Experiment Carrier (MEC) is needed to advance materials
ng in space toward a fuller, more effective and economical utilization

pace environment, starting with a broadened research flight program
huttle/Spacelab and thrusting to full scale commercial applications on

:e Platform.
najor facet of the orderly transition from crew tended Shuttle/Spacelab

to fully automated operations on MEC/Space Platform missions can be

d by planned, periodic on-orbit servicing events that are part of the
sion scenario. This will create the opportunity for timely replacement
materials processing payload units or payload samples. Design of MEC for
it servicing is feasible; the economics of on-orbit servicing looks
ing.
n-orbit servicing, like other MEC mission phases requiring repeated Shuttle/
Platform rendezvous and docking, will involve intricate, crew supported,
le operations that will gradually evolve into routine activities. This as-

of the MEC mission does not require novel technology, per se, but does in-
a build up of experience by Shuttle flight crews. Principal concerns

ding MEC design and mission planning for on-orbit servicing are: (1) an
sness of the inherent complexity of the orbital operations, (2) a practical
design approach that emphasizes simplicity and reliability, and (3) implemen-
on of interface design solutions that eliminates safety risks involved in

payload manipulation by Shuttle crewmen.
This paper discusses the MEC system and its mission from the viewpoing of
orbit servicing. Information is provided on MEC system requirements, design
‘tures for on-orbit servicing, on-orbit servicing operations and rationale and

~+lative servicing costs.
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A1l of the information presented herein is taken from a study TRW per-
formed for the NASA/Marshall Space Flight Center. This study Materials Experi-
ment Carrier Concepts Definition Study was performed from October 1979 through
December 1981. (Contract No. NAS8-33688). Mr. Kenneth R. Taylor of Program
Development at MSFC was the NASA COR for this study.

2. ROLE OF MEC

The U.S. National Aeronautics and Space Administration is currently spon-
soring a Materials Processing in Space (MPS) program that involves both ground
and space-based research and will require frequent and cost-effective access to
the space environment to accomplish its goals. Initially research-oriented,
the program will be aimed eventua]]y'at space utilization for commercial ventures.

Several first-generation research and commercial payloads are under design
and development. They will be carried by the space Shuttle/Spacelab on earth
orbital flights starting in the mid 1980's. These missions will focus on acqui-
sition of materials behavior research data, the potential enhancement of earth-
based technology, and initial processing experimentation for specialized high-
value materials.

The early short-duration and power-limited Shuttle/Spacelab missions will
accomplish important MPS research and development. Projected MPS needs in terms
of numbers of samples, processing time, and power required to support sustained,
systematic space processing activities however, will soon exceed Shuttle
capabilities. ‘

The Materials Experiment Carrier (MEC) will provide these augmented capa-
bilities to materials processing in space in the post 1986 era. The MEC vehicle,
carrying multiple, advanced MPS payloads will fly attached to the Space Platform.
It will be launched and later retrieved by the Shuttle Orbiter, and it will be
reflown repeatedly after refurbishment on the ground. Revisits of MEC by the
Shuttle for servicing on orbit are also envisioned to enhance mission effective-
ness and reduce operational costs.
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Compared with MPS/Slacelab, MEC offers:

® Greatly extended mission durations (90 days and longer) for processing
a significant number of material samples at affordable costs

o Greater processing power (10 kW and higher)

o A sustained undisturbed micro-gravity environment (with a goal of 10‘59
and better)

¢ An evolutionary step to the goal of commercial space processing
3. ON-ORBIT SERVICING DEFINITION

In the MEC study, on-orbit servicing was defined as the:

(1) Replacement of a materials processing payload or

(2) Changeout of only the sample magazine or storage compartment within
payloads or

(3) Replacement of a malfunctioning major subsystem or component or
(4) Some combination of the above

That is, on-orbit servicing operations pertain to exchange of entire pay-
loads, processed samples, or subsystems. Servicing, in this study, did not
consider orbital troubleshooting, repair, routine maintenance or calibration
of instrumentation or processing equipment.

4. MEC SYSTEM REQUIREMENTS

MEC is a payload of the Space Platform. It always flies attached to the
platform. MEC system requirements are given in Figure 1. The principal re-
quirements are keyed to:

1. The projected growth of the Space Platform (SP) from an initial

moderately sized vehicle providing up to 12.5 kW power to payloads

into a later, full capacity version which will delivery nominally
up to 25 kW.

2. An anticipated SP initial operational capability (IOC) in 1987 or
1988.

3. The projected schedule of two Space Platform revisits per year by
the Shuttle Orbiter for purposes of SP payload changeout.

264




ORIGINAL PAGE i3
OF POOR QUALITY

sjuawda tnbay waysAs 93 1 a4nbi4

SAVOIAVd JWOS 01 378VYL1d3D0V am-o— 1nogv 40 S3IIONVEYNLSIA 6-0UDIW TVNOISSVIIO0 (2)

av0olAVd AvE d¥311440

NV SV 31LLNHS 3DVdS NO ATIVNIOINO A4 T1TIM ‘ATEW3SSY INIWI¥IAXI STIVI¥ILYW-VIW (1)

SAV0TAVd SdW 40 ¥31d¥VD
371LVSH3IA “371dvysSn3y v ST J3W

SINIWIYINDIY YIANINVW dILIENO0
30Nd34 01 ONIJIAY3S TINV TTVAI I YL
“INIWAOTHIA 23W NI d3Sn 39 AVW (SWL)
WILSAS ONIYIANINVW ¥01vd3d0313l

*SAUNITT AV

NINLIY ANV QUVYMY0d dS/SSHdL VIA
IWIL-TVIY-YVIN NI ‘2204 A9 T0HLINOD
JATLIVHILNI 3HIND3IY S3ISVHd S$S3I20dd
ANV S3SS320dd 23W IVIILIY¥D ATINO

" INIWNOISSY 1¥0d ONIHL¥3Id ANV NOIL
-VIN3IH0 “NOILVNITONI ANV 3aNLILV
11940 OL SV Q3INIVYLSNOODNN SI1 J3W

37L4NHS A9 SLISIA3Y dS
4Y3A-¥Y-3IIML @3123r0dd HLIM SWHOJNOD
NOILVYNA NOISSIW 3INITISVE HINOW XIS

(2)(Bg-01 =) LIN3WNOYIAN3
-0¥DIW U3YNLSIANN “Q3INIVLISNS @
(TYNIWON M) S2 0L dn)
SAVOTAYd 0L 13A371 ¥3IMOd HOIH @
(¥39NOT ANV SAVA
08T) LIGY0 NI 3IWIL AVLS 9NO1 @

A9 A3Z1Y¥3LOVYVHD SNOISSIW dS/J3W

NOTSSTJ

‘1

SIN3IW
-341N03Y AL34VS LNVNOYLISY ANV S1S Ad
QINIVYLISNOD NOILVYHYIHO ANV NOIS3IA O3W

93W dN-T11V NO AINO @3¥IN03Y 39 T1IM
(LNO3ONVHD 31dWVS ¥0 T/d) ONIDIA
-43S L1940-NO ¥03 SAVOIAVd OL S$S3IIIV

SWAJ vl
-N32 J3W A9 d3TI0YLINOD ANV Q3HOLINOW
“AISNOWONOLNY 31Y¥3d0 TIM SAVOIAVd

NOIiVd3dO AVOTAVd J3W JIYVHS
-3WIL S3YINO0IY SY3SN ¥3IHLO 40 NOlLvd
-OWWOJJVY ANV ALIJVdVYD ¥3IMOd dS JILIWIT

MX G- (S03) 3IvdS
NI SNOILVY3IdO SIS3IYOHdOYLI3ITI @

HOV3 MM G-€

Aﬂw<wz G3ONVAQV WO¥d4 d3ldvav
*S3ILINIOVY AVOlAvVd £ OL 4N @

MX  G-E (S3S) WILSAS LIN3IW
-143dX3 NOILVIIJIQIT0S A3INVAQY @

3dN7IONI
77IM SNOISSIW J3W VILINI ¥04 SAVOIAVd

NOI1N10A3 SAVOIAVYd SdW QNV HIMOY¥9 dS
A9 d30Vd (OV3Id MX OF “TUNIWON MY G2)
ALIT19VdYD (,dn-17V,) 1Ind 0L (Mv3d
MY 8T “TUNIWON MM IT OL mw AlLllg
-VdVvD IVILINI WO¥4 3AI0A3 T11IM I3W

‘9

'S

i/

'€

*e

'T

N9IS3a

265



4.

A set of: (1) early MEC materials processing payloads, to include
up to seven advanced MEA type facilities, a solidification experi-
ment system (SES), and a commercial processing facility, known as
Electrophoresis Operations in Space (EOS), and (b) full capability
MEC payloads to include the above early payloads plus some mixture
of the following candidate MPS facilities:

(1) Advanced Solidification Experiment System

A. Isothermal
B. Directional Solidification

(2) High Gradient Directional Solidification
(3) Float Zone

(4) Acoustic Containerless

(5) Electromagnetic Containerless

(6) Electrostatic Containerless

(7) Solution Crystal Growth

(8) vapor Crystal Growth

(9) Bioprocessing

(10) Commercial Payloads

Accordingly, the MEC concept addressed the following:

(a) The MEC design will evolve from an initial, limited capacity version,

(b)

(c)

(d)

designed for use with the initial 12/5 kW SP into a full capacity
"all-up" configuration that can fully utilize the resources of the
later, full capacity (25 kW) Space Platform.

The estimated time frame for missions of the initial MEC is in the
late 1980's, those of the all-up MEC is 1990 and beyond.

MEC mission durations, even initially, will be 180 days, as dictated
by the projected SP revisits by the Shuttle. Missions of the all-up
MEC may be extended to last for several revisit cycles i.e., 12 months
or 18 months if necessary to meet program objectives, depending on

MPS payloads and their orbital stay time requirements.

MEC on-orbit servicing for payload or sample exchange is not contem-
plated for the initial, 180-day missions as there will be no Shuttle
revisits at shorter time intervals. However, servicing may be re-
quired in support of all-up MEC operations if missions extend to 12
months or longer durations.
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(e) In the projected MEC evolution from an initial to an all-up
tion, design commonality and possible use of applicable exis
hardware should be emphasized.

Thus, the Advanced Materials Experiment Assembly, MEA-C, cur
being designed by NASA/MSFC for Shuttle-based missions prece
MEC or the standard Spacelab Pallet, are leading candidates
viding the support structure or support subsystems to be usr
initial MEC design concept. They might possibly also be us
building blocks in the evolution of the all-up MEC.

Payloads carried in all-up MEC missions shall have design and i
characteristics that are consistent with, and facilitate on-orbit se¢
Servicing operations will include exchange either of entire payload
only of sample magazines within payloads, and possibly the replacem

functioning payload subsystems.

Servicing operations will require payload and component handli
by the Shuttle Remote Manipulator System (RMS) or manually, by a ¢
addition, convenient and safe access to internal equipment shall b«
via access hatches of sufficiently large size.

5. MEC CONFIGURATIONS

The role of the SP in the evolving MPS program is shown in Fi
the Shuttle can accommodate low power, short duration MPS R&D, far
specimen size, sample size, and higher melting points pose the ne
as well as MPS carrier systems that are compatible with both the
flight modes.

Currently, the MPS program is developing automated payloads
Shuttle cargo bay and manned payloads to fly both in the Shuttle
in the Spacelab module. This automated work is expected to lead
of a customized MPS payload carrier for automated MPS payloads.
Materials Experiment Carrier. Concepts for this carrier have be
that will minimize Shuttle user charges, which is most important
users. Figure 2 depicts the selected MEC concept which can begi
carrier and grow in modular steps to accommodate MPS payloads o
has seven compartments so that several different processes can |
parallel, or several different products produced in parallel.
would optimize the facility utility and the time on orbit.
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e Minimize cost
on commercial
Shuttle sorties

e Maximize
cost effective
utilization of

Modular Growth Space Platform

STAUCTURE
C&OM

Initial MEC A11-Up MEC

Figure 2. MEC Growth and Utility*

-6. MEC DESIGN FOR ON-ORBIT SERVICING

The selected initial MEC concept is based on adaptation of the Advanced
MEA spoked disc support structure and subsystem design. The payloads are
attached axially through access doors or openings in one bulkhead. This per-
mits larger payload units to be accommodated than by radial insertion.

An alternative design is based on adaptation of the standard Spacelab
pallet.

Growth to the all-up MEC configuration is achieved through addition of
a four-compartment, side-loaded, drum-shaped add-on module that is attached
to the disc-shaped MEC core module. Subsystems located in the core module

are retained with extension of capability, as required to support the added
payloads.

*Figure 2 is from a paper titled A Focus for Space Industrialization by W.R. Marshall,

W.T. Carey, and K.R. Taylor of NASA/MSFC. It was presented at the 19th Space Congress,
Cocoa Beach, Florida, 29 April 1982
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In the case of the paliet based MEC design, growth to the all-up version
could be achieved by addition of a second pallet in tandem with the first.

INITIAL MEC

Figure 3 shows the initial MEC configuration with EOS attached. Figure 4
shows an exploded view of MEC and EOS in the alignment used for berthing to
the Space Platform aft payload port (+x port). This illustration also shows
two other payload ports (+z and -y ports) to which the MEC/EOS might be attached,
assuming that four such ports are available on the Space Platform. Six MEA-C
type cylindrical payloads of equal size are shown protruding from the peripheral
compartments of the MEC disc structure, while SES occupies the center compart-
ment. One peripheral compartment, i.e., that located adjacent to the EOS berth-
ing adapter, is used to house the MEC subsystems.

SUBSYSTEM
COMPARTMENT

[ R ..-—‘

r —G}--@—
(i

igzusxmf

- —— ——

Ll l TR REPLACEHENT ™
UL
| \ .
] \nsc DISC MEA PAYLOAD ¥~ MEA SPOKED

NE OF 6) |
0 0o w  swom (ONE OF 6) | DIsC

¢ %% o  no in

Figure 3. Initial MEC Configuration, Including EOS
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INITIAL MEC
MEA~PAYLOADS

SES £0S

- -ON (GROWTH)
MODULE

FIGURATION 8)

Figure 4. Initial MEC (Spoked Disc) Configuration and Add-On
Growth Module

“ION OF INITIAL TO ALL-UP MEC

cvolution to all-up MEC will require primarily an increase in payload
nodation capacity. The preferred approach is to add a growth module to
nitial MEC which, by preserving its basic subsystems and payload accommo-
on capability, then becomes the "core" module of the all-up MEC.

Secondly, the development of payloads servicing capability from the
.-1=ial MEC (which does not have to provide this capability) will be required.
"= impact of this requirement on the design and arrangement of the core and
- owth modules can be summarized as follows:

1. By utilizing the initial MEC as core module a part of the payloads

accommodated in the all-up MEC will be of limited size, comparable

to MEA facilities. Such payloads will probably be of exploratory
design, requiring only short mission durations.
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2. MEC missions durations will initially be 6 months, but will ultimately
evolve to 12 months or more. At least the exploratory type of pay-
loads may have to be exchanged at 6-month intervals. Consequently,
the core module will require conversion to serviceability.

3. Core module conversion will be feasible if the initial design makes
appropriate provisions for payload attachment/removal on orbit.

4. Axial payload attachment was previously shown to be advantageous on
the initial MEC. With this design feature retained in the core module,
it will be necessary to arrange the core module at the aft end of the
all-up MEC. The growth module, placed between the SP berthing port
and the core module, will therefore require side access to its pay-
load compartments.

5. With this arrangement and the MEC subsystems still housed in the core
module, it will be necessary to carry power and signal cables and cool-
ant lines through the growth module into the core module resulting in
a small weight penalty.

ALL-UP _MEC CONFIGURATION

Retention of the initial MEC as core module for the all-up MEC reflects in
subsystem placement and in access provisions for the core module payloads for
on-orbit servicing. On-orbit serviceability of payloads in the all-up MEC per-
mits long mission durations for some of the payloads, e.g., those carried by the
add-on module, without requiring the same orbital stay time for others.

As shown in the configuration drawing, Figure 5, the four-payload growth
module is attached at the forward bulkhead of the six-payload core module.
As in the initial MEC configuration, EOS is again attached to an off-center
berthing adatper placed adjacent to the trapezoidal compartment of the core
model that houses the MEC subsystems. With the growth of subsystem capacity
and size required to support the all-up MEC system, a second trapezoidal compart-
ment will be dedicated to housing subsystems and other support equipment, e.g.,
a waste retention tank. Hence, the reduction of core module payload capacity
by one unit.

A utility tunnel, shown in the center of growth module cross section, on
the right, is used to connect power and signal conduits and coolant lines from
the SP berthing adapter to the MEC subsystem compartments, and vice versa.

21)



) o AN T T L S
- ."uG.:-.‘r’-f_ D ]

OF POCR QUaLTY

|2
R

1
[T Ty Sttt Tttt 0 #0 200 300 em
i l e e § A,
€E0S FLIPPED UP 4 | 0 ) 20 120 in
FOR MEC CORE-MODULE, N ~\ ika
ACCESS Ty Wy A S y
c—rr0 - | :
; ) COMPARTMENT DOOR
AL n
\
L-\r-' | mraarqe = - e e g IIEEE Ry

(L,,.
] 9('\}.

o
+- k3 (60° OPEN) VOL. 200 CU. FT

S

e - e

]
XIALLY
4 LATERAL
PRILOAD S) RENOVABLE UTILITY
LARGE PAYLOADS TUNNEL

(RAIL SUPPORTED)

Figure 5. A11-Up MEC Configuration, Including EOS

Some extra length of power cable (7 ft), signal cables and fluidlines
(14 ft) is unavoidable with the selected design approach, which caters to the
servicing access objective for payloads carried by the core module

Another design feature keyed to this objective is the provision for mov-
ing the EOS assembly out of the way to allow access to core module payloads.
As shown in the MEC side view drawing, this is accomplished by a hinge in the
EOS berthing adapter. Design details of this feature still require further
definition. The preliminary concept shown here assumes that the retention
mechanism in the active half of the adapter carried by MEC will be released
prior to flip-up, with flexible cables and fluid lines having enough slack
to permit the desired hinge rotation. This would avoid having to disengage
the electrical and fluid connectors at the MEC/EOS interface. Several altern-
ative designs have been investigated that similarly do not require modifica-
tion of the passive adapter half carried by EOS, i.e., the extra cost of
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interface modification needed to provide core module servicing access would

be absorbed by the MEC degign rather than by EOS. A simpler, though opera-
tionally less attractive, option would involve EOS removal to a temporary park-
ing location by the Shuttle remote manipulator whenever MEC core module access
is required.

Note that the EOS swing-out concept illustrated here is made feasible by
the off-center location of the berthing adapter.

Figure 6 shows an isometric view of the all-up MEC with a full payload
complement. The drum-shaped, twelve-sided growth module is shown with one of
the four payload compartment doors opened. Lateral access to the payloads is
illustrated, with one payload canister extended on guide rails for servicing
or removal. Payload changeout will require handling by the RMS with EVA crew
assistance. RMS grapple fixtures required for MEC deployment or stowage and
for payload changeout will be inserted manually by the crewman into receptacles
provided for this purpose.

i * SP BERTHING ADAPTER BERTHING ADAPTER
X PORT FOR EOS
o ALLUP MEC ~

\ - PAYLOADS (6)
N\ «_ SOLIDIFICATION
SPACE A~ - EXPERIMENT SYSTEM (SES)
PLATFORN ?‘ “\\_PAYLOAD
7 .
_ > R
(N
ALL-UP (’ '
MATERIALS EXPERI- o
MENT CARRIER (MEC) "
ELECTROPHORESIS
OPERATION IN
SPACE (E0S)
PAYLOAD
Figure 6. Al1-Up MEC Configuration With Payloads
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SELECTED MEC CONCEPT SUMMARY

Principal features, dimensions and weight estimates of the selected design
concepts for the initial and all-up MEC are summarized in Figure 7. The spread
of estimated weights ranges from 8000 to 10,100 1b for the initial MEC and from
14,970 to 26,310 for the all-up MEC, including 20% for weight contingencies.
The large weight variation in the latter case is due to the 1,000 to 3,000 1b
weight range for each of the four major payload units carried in the growth
module, based on results of the payload survey conducted in the MEC study.

1TEM INITIAL MEC ALL-UP MEC
HOST VEHICLE {NlTlAL §PACE PLATFORM ?ROWTH SPACE PLATFORM
12.5 KW 25 KW)
CONF IGURATION MEA SPOKED DISC, MODIFIED INITIAL MEC (CORE MODULE)
14 FT DIAMETER, IN TANDEM WITH GROWTH MODULE(MEC B)
30 [N, NET LENGTH 14 FT DIAMETER
(70 IN, §??§s LENGTH, INCL. zso IN, NET LENGTH
ADAPTERS 170 1IN, G?Ois LENGTH, INCL.
ADAPTERS) (1
PAYLOADS SES, 6 ADVANCED MEA FACILI- SES, 5 TO 6_SMALL PAYLOADS (IN
TIES, §os (ATTACHED IN ORE MODULE), 4 LARGE PAYLOADS
TANDEM GROHT? MODULE), EOS (ATTACHED IN
TANDEM
SUBSYSTEMS POWER DISTRIBUTION AND CONTROL, THMERMAL CoNTroL,{(2) cpms,
CONTAMINANT CONTROL/RELEASE, STRUCTURE AND MECHANISMS
EST. WEIGHT (LB) ) )
STRUCTURE 13303 28501
suasvsre?s) 800 960
PAYLOADS ‘4 4,480 MIN 6,290 MAX 8,840 MIN 18,300 MAX
iggr NGENCY 1,390 1,680 2,320 4,200
X
TOTAL 8,000 _MIN 10,100 MAX 14,970_MIN 26,310_MAX

ALL-UP MEC MAY INCLUDE AUXILIARY RADIATOR
INCL. 160 LB FOR 2 ADAPTERS

% ADD 40 IN. FOR SP AND EOS ADAPTERS (DOES NOT INCLUDE 44-IN. EXTENSION ARM)
NOT INCLUDING 10,000 LB FOR EOS

|

W N -

Figure 7. Selected MEC Concept Summary
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7. ON-ORBIT SERVICING :
On-orbit servicing will be required in all-up MEC missions to increase
mission cost effectiveness, by

® Extending mission duration and thus increasing mission output, i.e.,
the number of samples processed per mission, <

¢ Reducing the number of MEC launches and retrievals required per year,
thereby greatly reducing transportation costs,

o Achieving imporved payload/mission matching, and more effective Space
Platform utilization by MEC, e.g., through.replacement of payload units
that complete their mission objectives ahe&lt of others

Servicing is not projected on initial MEC missions (a) to simplify the

design and thus save initial MEC development cost, and (b) because Shuttle
revisits to the Space Platform are projected to occur only twice per year.

An orbital stay time of 180 days, conforming with this schedule, is consid-
ered sufficiently long for any initial MEC mission so that on-orbit servicing
would not even be useful. Most of the considerations discussed in this section

therefore will apply to the all-up MEC only.

MEC payloads will have design interface characteristics that are consistent
with, and facilitate on-orbit servicing. Servicing operations will include ex-
change either of entire payload units or only of sample magazines within payloads.
Figure 8 compares objectives and design implications of payload changeout vs.
sample changeout.

OBJECTIVES

Payload Changeout Sample Changeout

Matching of payload productivi-
ties

o Early sample return for analy-
sis on ground

e Orbital accommodation of new or e Limited sample shelf-1ife in

additional payloads at favor- orbit: biologicals

able times

l MEC/PAYLOAD DESIGN IMPACT l

e Autonomy of payloads ® Accessible/removable storage
e Simple payload attachment, magazines

interfaces o Unobstructed access into
o Ease of on-orbit access and enclosures

handling o Protective sample enclosure
e Interchangeability required
® Ruggedness to withstand handling o Crew hazard avoidance in access,

____handling

Figure 8.

Objectives and Design Implications of Payload and

Sample Changeout On-Orbit
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MISSION SCENARIOS WITH AND WITHOUT SERVICING

Four principal scenarios are illustrated in Figure 9. The first, third
and fourth of these do not permit or require on-orbit servicing, the second
envisions servicing to aid in extending on-orbit operation beyond the projec-
ted six-month interval between successive Orbiter visits of the Space Platform.
A different mission concept without on-orbit servicing, illustrated in scenario
four, foresees alternate launches of two MEC vehicles. One vehicle is refur-
bished on the ground while the other is in orbit.

1. INITIAL MEC 0 6 12 18 MONTHS
- NO SERVICING I | | 8 |
- RETRIEVE AFTER A
6 MONTHS --

2, ALL-UP MEC (1 UNIT)

- SERVICE AFTER D --
6 MONTHS SSA

3, ALL-UP MEC (1 UNIT) k.
- NO SERVICING . ‘:n'f: :\é
- RETRIEVE AFTER
6 OR 12 MONTHS

4, INITIAL OR ALL-UP FEC (2 UNITS) -
IN INVENTORY A A

- NO SERVICING
- ALTERNATE LAUNCHES EVERY

6 MONTHS
LEGEND: NOTE: PROJECTED 6 - MONTH STS LAUNCH INTERVAL
A - P/L INTEGRATION IS REFLECTED IN EACH OF THESE SCENARIOS.
B - ON-ORBIT OPERATIONS SCENARIO 1 AND 4 KEYED TO 6 MONTH REFUR-
C - REFURB. ON GROUND BISHMENT/TURN AROUND TIME ON GROUND.
D - RENDEZVOUS AND P/L EXCHANGE INCREASE TO 8 MONTHS WOULD REDUCE REFLIGHT

FREQUENCY,

Figure 9. Mission Scenarios With and Without Servicing

Results of an analysis performed to determine the comparat%ve advantages
of missions with or without servicing capability are listed in Figure 10.
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ADVANTAGES

DISADVANTAGES

(® wo SERvICE-
SINGLE MEC

SIMPLER DESIGN

SIMPLER DEPLOYMENT TASK
NO SERVICE SUPPORT
ASSEMBLY

LESS ASTRONAUT TRAINING

® LESS MISSION AND PAYLOAD DEPLOY-

MENT FLEXIBILITY THAN AND
MISSION DURATION GENERALLY CON-
STRAINED TO 6 MONTHS, IMPACTS
PRODUCTIVITY

NO SERVJCE-
® TWO MEC’S‘

SAME AS ABOVE, PLUS
OBTAIN MORE PAYLOAD ORBIT
TIME THAN IN s LE.,
MORE FLIGHT OPPORTUNITIES
(CONSISTENT WITH RAPID
INCREASE lg NUMBER OF P/L
CANDIDATES

NEED ADDITIONAL MEC UNIT
HIGH NUMBER OF LAUNCHES DRIVES
UP COST

@ NOT AS COST EFFECTIVE UNLESS

LARGE P/L FLIGHT DEMAND BACKLOG

© SERVICING-
SINGLE MEC

OBTAIN MORE P/L ORBIT TIME
THAN @® WITHOUT FREQUENT
MEC RELAUNCH AS IN
GREATER FLEXIBILITY

- p/L MIX
- MISSION DURATION
- P/L DEPLOYMENT STATUS

REDUCE COST PER KW-HR

o®® ©9°

COST OF SERVICE SUPPORT ASSEMBLY
EXTRA COST OF CREW TRAINING,
EXTENDED SORTIE DURATION

EXTRA COST OF SERVICEABILITY
EXTRA COST OF SSA

EXTRA COST OF GROUND SIMULATOR

*This scenario adversely affected {f ground refurbishment/turn around
time would be 8 rather than 6 months, resulting in one-year reflight

intervals due to projected SP revisit schedule by Shuttle

Figure 10. Servicing Vs. No Servicing (A11-Up MEC Only)
RATIONALE FOR ON-ORBIT SERVICING

On-orbit servicing of the all-up MEC permits extension of the mission dur-
ation which will be desirable or essential for certain types, e.g., float zone
processors, while other payloads that require less time in orbit can be replaced.

Principal factors favoring on-orbit servicing are the need for fewer launches
of the large all-up MEC vehicle, saving transportation and ground refurbishment
costs, and greater mission flexibility. There are, however, several other fac-
tors which tend to limit the potential cost savings, such as: the extra cost
of providing MEC with serviceability features; more complex operations during
SP/MEC revisits; and the procurement and repeated launch of a separate payload
carrier (Service Support Assembly).

Preliminary assessment has shown that the advantages of the on-orbit ser-
vicing option outweigh its disadvantages and support the decision to provide
MEC with the design features required for serviceability. Further assessment
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tors and their impact on system design, mission profile definition
cost is discussed below.

comparison was performed of two principal mission options, either
jle MEC with servicing on orbit (scenario 2 in Figure 9) or two
ternate launch opportunities every 6 or possibly 8 months (scenario
rmalized cost per year in orbit for scenario 4 will be only slightly
i that for scenario 2, i.e., about 10 percent. This is due largely
. of developing and flying a Service Support Assembly in scenario 2
scenario 4. This cost difference alone is not sufficiently large
a basis for adopting the servicing mode, scenario 3. The impact of
han 6 month ground turn around time on the scenario also should be
: account. Secondly, an important qualitative difference, not reflect-
.t figures, is the fact that scenario 4 is limited in orbital stay
rission which may not be satisfactory for certain payloads.

a further explanation of this issue, consider the three MEC user popu-
haracterized in Figure 11 by their probqbi1ity distribution vs. desired
tay time. In population(@a majority of the users require short stay
-ound three months. This peak shifts in distribution@and ®to four
months, respectively. This trend may be assessed as follows:

Payload requirements analyses indicate that distribution @ is repre-
sentative of potential MEC user population (A11-Up MEC).

Orbit stay time = (processing time) x (desired sample number).
Increase in sample number to reduce cost/sample drivers stay time up.
Emphasis on commercial users also drives stay time up (e.g., EOS).

MEC planning should address_items 3 and 5, therefore reflect distri-
butions @ or @ rather than().
) these factors and a projected six month revisit interval, MEC stay time
ion beyond the six-month interval length with changeout of some payloads
ften be advantageous. In this manner one can satisfy users with less
ix-months and those with more than six-months desired stay time equally
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USER POPULATION EXAMPLES

; DISTRIBUTION (7) DISTRIBUTION (D prstrisution 3D

PROJECTED

REVISIT
INTERVAL

6 12 0 6 12 0
REQUIRED/DESIRED ORBIT STAY TIME, MONTHS

Figure 11. Orbital Stay Time Criteria (A11-Up MEC)
IMPACT OF ON-ORBIT SERVICING REQUIREMENT ON CONFIGURATION AND MISSION OPERATIONS

Figure 12 lists design features required for making IMEC payloads or sample
magazines replaceable on-orbit. These features include not only special provi-
sions for payload access, mounting and demounting, and for mating or demating
of electrical and fluid line connectors but also the overall configuration lay-
out. Serviceability also reflects in the arrangement of the EOS payload relative
to the MEC core and growth modules, so as to permit unobstructed access to MEC
payload compartments. Note that these serviceability design features do not in-
clude provisions for on-orbit repair or replacement of failed units, which would
further complicate the design;

1. Axial payload attachment in core module (retained in all-up MEC) re-
quires location at growth module aft end.

2. Also requires EOS attachment via hinged adapter.

3. Extra cable and coolant line length from SP to MEC subsystems because
of aft end mounting of core module (which contains subsystems).

4. Lateral payload access in growth module dictated by location between
SP and core module. -

5. Growth module payloads rail-mounted to facilitate on-orbit changeout.
(Sample changeout access requires further study).

6. Use of MMS-type/SP-type electrical connectors, quick-disconnects for
coolant, guide pins and lead screws for mating/demating of payloads.

7. Provisions in initial MEC payload interfaces to permit conversion
to on orbit mating/demating capability (item 6).

Figure 12. Impact of On-Orbit Servicing Requirement on
. .
*In all-up MEC only Configuration
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Servicing operations require payload and component handling either by the
Shuttle Remote Manipulator System (RMS) or manually, by a crewman in the EVA
mode. The payload units must provide grapple fixtures and/or ahdnles for manip-
ulation by the RMS or crewman. In addition, convenient and safe access to in-
ternal equipment must be provided via access hatches of sufficiently large size.
Crew servicing also will require access support provisions on payload units and
on the MEC proper, such as handholds, handrails and foot rests.

Utilization of the Teleoperator (TMS) to perform remote MEC servicing func-
tions by transferring payloads between the Orbiter and the SP/MEC will be an
alternative to Orbiter-based servicing. A principal advantage of this mode is
the avoidance of SP/MEC proximity operations and berthing and consequently, any
interference this may cause with Orbiter mission objectives other than MEC ser-
vicing. Also there would be no need for carrying a SP berthing adapter.

8. 'MISSION CHARACTERISTICS

MEC will be carried to orbit, attached to the Space Platform and deployed
into the free-flying mission phase by the Shuttle Orbiter. At the end of the
mission the MEC will be retrieved by the Orbiter and returned to the ground.

During extended missions the Orbiter will revisit the MEC at least once,
to perform essential services such as payload exchange, processed sample ex-
change, or replacement of defective support systems.

MEC mission durations will be up to 180 days and longer. As many as two
MEC launches per year may be performed, provided the mission durations and
turn-around times between missions are short enough. A total of at least six
missions shall be flown by one MEC vehicle.

The projected initial flight date will be 1986, conforming with the 10C of
the Space Platform.

Dates for MEC launch, servicing and retrieval must be planned to make use
of Shuttle ride sharing opportunities since MEC or the equipment used for MEC
servicing will utilize only part of the Shuttle cargo capacity.

MEC-related launch dates and daily launch windows are constrained by the
Space Platform rendezvous requirements. Depending on SP orbit inclination
there will be one or two daily Taunch windows.
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MEC will not restrict SP orbital characteristics in terms of altitude or
inclination except for requiring operating altitudes above the level where the
maximum atmospheric drag deceleration would exceed the limit of 10'59, i.e.,
typically 160 n.m. (Note: SP will avoid altitudes in this region, in any
case, because of large drag makeup maneuver requirements).

SP orbital characteristics preferred by MEC are those that provide (a) max-
imum average power and (b) convenient access by the Shuttle for deployment, ser-
vicing and retrieval. In order to get the best Shuttle cargo weight performance
and to minimize transportation cost for MEC launch, retrieval and servicing, low
altitude, low inclination SP orbits will be preferred. Also, since MEC depends
on ride~-sharing with other Shuttle payloads a greater number of launch opportun-
ities would be available under these conditions.

Mission analysis and trades led to the definition of preferred mission
characteristics. Figure 13 summarizes results of this analysis, showing a
logic flow which indicates the alternatives considered and the rationale applied
at each step of the selection process.

The same MEC vehicle is to be used repeatedly. After retrieval for orbit
it must be refurbished on the ground and/or refitted with a new payload comple-
ment and prepared for relaunch. The estimated turn-around time between missions
will be 6 to 8 months. ’

Generally, the mission shall include on-orbit servicing which involves a
changeout of MEC payloads or samples.

Composition of the MEC payloads, required mission duration and available
Shuttle launch opportunities that are compatible with targeting constraints of
SP/MEC rendezvous will dictate the timing of revisits for servicing. Mission
profiles with or without servicing are shown schematically in Figure 14. Mission
phases and sequences are illustrated in Figure 15.

The sequence of on-orbit operations required to dép]oy the MEC during a
Shuttle/Space Platform rendezvous mission is illustrated in Figure 16. After
rendezvous, retrieval and berthing of the Space Platform on a structure provided
for this purpose in the Orbiter cargo bay, the MEC will be removed from its
stowed position and attached to one of the Space Platform payload berthing ports.
When attached, the SP/MEC will be checked out as a functioning system before
‘release by the Crbiter to start free-flying operations.
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' REMOTE MANIPULATOR

SPACE PLATFORM (SP) SYSTEM (RMS)
MATERIALS EXPERIMENT
CARRIER (MEC)

©

REACH FOR MEC

SP RADIATOR DEPLOYED SOLAR

PANELS

® FREE FLYING SP/MEC

Figure 16. MEC Deployment Sequence

The Shuttle Remote Manipulator (RMS) arm will be the primary support hard-
ware used to capture and berth the SP and to accomplish MEC unstowing, transfer
and SP berthing port attachment.

Assistance by crew member extra-vehicular activity may be required as a
backup in supporting the remotely controllied RMS operations. Stringent safety
requirements must be observed to avoid potential hazards to the Orbiter and
crew that are inherent in all phases of this activity.

Sequences similar to those shown in Figure 16 will be employed in MEC
retrieval from orbit and on-orbit servicing activities.

Alternative MEC deployment, retrieval and servicing sequences may be sup-
ported by the Teleoperator Maneuvering System (TMS). Thus, the TMS may be
utilized to aid in achieving Orbiter rendezvous with the SP and in redeployment
of the SP or to carry MEC to or from the SP if direct rendezvous/docking of the
Orbiter with the SP is to be avoided; or to carry MEC payload units from the
Orbiter to the SP/MEC and back to the Orbiter in remote payload changeout (ser-
vicing) operations.
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9. SERVICING MODES

Figure 17 schematically shows the three servicing modes and summarizes
objectives and design impacts. Remote servicing by the TMS reduces SP/Orbiter
proximity operations and berthing events, Orbiter or SP maneuvering require-
ments and interference with, or disruption of Orbiter and SP normal activities.

TEd € -
. AV
N

MEC P/L

®SINGLY OR COMBINED ‘\\\\

HANGEOUT [PAYLOAD CHANGEQUT]
OBJECTIVES ® EARLY SAMPLE RETURN FOR ® MATCHING OF PAYLOAD
ANALYS IS PRODUCTIVITY _
® LIMITED SAMPLE SHELF- ® MORE PAYLOADS ACCOMMO-
LIFE IN ORBIT: BIOLOGICALS DATED PER MISSION
MEC/PAYLOAD ® ACCESSIBLE, EASILY REMOVABLE ® PAYLOAD AUTONOMY
DESIGN IMPACT SAMPLE MAGAZINES o SIMPLE PAYLOAD ATTACH-
® UNOBSTRUCTED ACCESS INTO MENT AND INTERFACES
ENCLOSURES ® INTEGRATION
® PROTECTIVE SAMPLE ENCLOSURE o RUGGEDNESS T0 WITHSTAND
© CREW HAZARD AVOIDANCE IN REMOTELY CONTROLLED
ACCESS HANDLING HANDLING

Figure 17. Alternate On-Orbit Servicing Modes

10. SERVICING COST MODEL

A simplified cost model was used to assess the potential savings achiev-
able through servicing. It is assumed that each servicing sortie extends the
orbit stay time by the length of the original mission and thus increases the
total product obtained in the same ratio, at a fraction of the reference mission
cost.
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Figure 18 shows the reduction in "cost per total mission product" vs. the
number n of service sorties flown. The cost index of the reference mission is
used as normalizing parameter, that is, in the bar graphs shown its value is
indicated as 100 percent at n=0. Key parameters in the cost model are the rela-
tive cost C of a servicing mission and the relative mission operations cost A
per unit time. Servicing is more cost-effective if both of these cost fractions
are low.

10k Relative Operations Cost 160 Relative Operations Cost
40 Percent ’ 30 Percent

Relative Servicing
Cost (Percent)

30

30

Relative Servicing
Cost (Percent)

30

20

TOTAL COST PER MISSION PRODUCT, PERCENT

YA S PPPL/ NS VPSSP A S Lo

VLA e dd s

; ,
N 4 |
N K7 A0
60 § § 4 10 60 ‘; 20
NI
\\ ‘t ss §§ == 10
N N N N N
| N N N ‘0 N N R
0 2 a ) P

NUMBER OF SERVICING SORTIES

Figure 18. Examples of Cost Reduction Through On-Orbit Servicing

The bar graphs in Figure 18 represent mission operation costs of 30 and
40 percent at a reference mission duration of 100 days. Relative servicing
costs of 10, 20 and 30 percent are assumed. For example, for A=30 and C=20
percent and two service sorties the cost index is reduced by 33 percent. Cost
reductions of up to 50 percent are projected for n=4 with the largest step re-
sulting from the first service sortie.
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11. CONCLUSIONS

On-orbit servicing is a complex subject. Safety, design, mission opera-
tional factors, user needs and cost are all involved in the decision in incor-
porating on-orbit servicing into a space system. This presentation highlighted
the issues that were subjected to study during the MSFC sponsored MEC study.
Conclusions reached, during the study, are listed below:

1.

On-orbit servicing will be required in all-up MEC missions to increase
mission cost effectiveness, by

e Extending mission duration and thus increasing mission output, i.e.,
the number of samples processed per mission,

® Reducing the number of MEC launches and retrievals required per year,
thereby greatly reducing transportation costs,

® Achieving improved payload/mission matching, and more effective Space
Platform utilization by MEC, e.g., through replacement of payload units
that complete their mission objectives ahead of others

On-orbit servicing, 1ike other MEC mission phases requiring repeated
Shuttle/Space Platform rendezvous and docking, will involve intricate,
crew supported, Shuttle operations that will gradually evolve into rou-
tine activities. This aspect of the MEC mission does not require novel
technology, per se, but does involve a buildup of experience by Shuttle
flight crews. A

Payloads carried in all-up MEC missions shall have design and interface
characteristics that are consistent with, and facilitate on-orbit ser-
vicing. Servicing operations will include exchange either of entire
payload units or only of sample magazines within payloads.

Principal factors favoring on-orbit servicing are the need for fewer
launches of the large all-up MEC vehicle, saving transportation and
ground refurbishment costs, and greater mission flexibility. There
are, however, several other factors which tend to limit the potential
cost savings, such as: the extra cost of providing MEC with service-
ability features; more complex operations during SP/MEC revisits; and
the procurement and repeated launch of a separate payload carrier (Ser-
vice Support Assembly).

Composition of the MEC payloads, required mission duration and available
launch opportunities that are compatible with targeting constraints of
SP/MEC rendezvous will dictate the timing of revisits for servicing.

The Shuttle Remote Manipulator (RMS) arm will be the primary support

hardware used to capture and berth the SP and to accomplish MEC unstow-
ing, transfer and SP berthing port attachment.
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Alternative MEC deployment, retrieval and servicing sequences may be
supported by the Teleoperator Maneuvering System (TMS). Remote ser-
vicing by the TMS reduces SP/Orbiter proximity operations and berthing
events, Orbiter or SP maneuvering requirements and interference with,
or disruption of Orbiter and SP normal activities.

A simplified cost model was used to assess the potential savings achiev-
able through servicing. It is assumed that each servicing sortie ex-
tends the orbit stay time by the length of the original mission and

thus increases the total product obtained in the same ratio, at a frac-
tion of the reference mission cost.

Preliminary assessment has shown that the advantages of the on-orbit

servicing option outweigh its disadvantages and support the decision
to provide MEC with the design features required for serviceability.
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1.0 INTRODUCTION

The advantages of on-orbit servicing and cost benefits thereof have been well
presented in the previous papers of this Workshop. Accordingly, this paper
will be focused on an overview of the general design of space vehicles
serviced in orbit. The basic space vehicle systems, subsystems, modules,
components, and associated appendages will comprise the elements to be con-
sidered. Primary emphasis will be given to the multi-disciplinary considera-
tions in the development of requirements, and in particular, design of the
space vehicle to facilitate orbital service by the extra-vehicular crew
person(s). (See Figure 1 for flight crew allocation logic). Only minimal
consideration will be given to airborne support equipment as that also has
been generously covered elsewhere in this workshop.

2.0 REQUIREMENTS/DEFINITIONS

For purposes of this paper, it will be assumed that the 'Customer' has estab-
lished and justified the need for on-orbit servicing of the space vehicle.
Thus, through the application of standard 'system engineering processes', it
can be further assumed that mission, system, launch vehicle (e.g., Space
Shuttle), subsystem (including crew), and interface requirements/constraints
(Figures 2 through 5) have been and will be in the development and refinement
stages. Obviously, heavy participation by the conceptual engineering design
team will play an important role in this process, thereby assuring basic
design, integration, and performance feasibility.

Requirements for servicing generally fall into two categories: (1) Planned;
and (2) Unscheduled. Planned servicing includes any on-orbit functions
conducted to permit continued orbital operation of the space vehicle through
planned maintenance implemented by changing out equipment, reconfiguring,
replenishing depleted resources, or repair on known and identifiable (pre-
launch) problems. These functions are known well in advance of the flight
date and the crew has been familiarized, trained, and has conducted necessary
simulation for these events prior to launch. Similarly, the necessary crew
aids/devices/tools and support equipment (ASE) is carried aboard the Orbiter
to support the planned (scheduled) servicing.

Unscheduled servicing is associated with those functions conducted to restore
the space vehicle to an acceptable level of operational status for subsequent
deployment/release to space, or for recovery and insertion into the Orbiter
cargo bay for earth return. This servicing could also include crew activities
associated with de-orbit of a space vehicle or explicit payload. Unscheduled
servicing implies that the potential for a non-nominal situation had been
anticipated, thus, the flight crew had been prepared (familiarization, training,
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simulation, etc.) and sufficient crew aids/devices/tools and support equip-
ment (ASE) carried aboard the Orbiter for conduct of the task(s). These
events are not planned for nominal servicing activities, but could be
accommodated in the flight plan, as required.

Servicing is herein defined as being composed of five major categories:

e Deployment o Support e Earth Return

e Retrieval - Changeout - De-orbit
- Stow - Reconfiguration - Debris Collection
- Berth/Dock - Resupply/Replenish - Orbiter Return

e Observe - Repair

Servicing can also be categorized into the nature of the servicing function,
e.g., critical, override, and nominal. Critical servicing is associated
with sustaining the space vehicle and/or mission and occurs when a prime
equipment item has failed or degraded and the redundant unit is on-line or
also has failed, or where a principal consumable is near depletion or has
been depleted. Override (Figure Gg is associated with the need to conduct

a task, e.g., appendage extension, to enable space vehicle function or mission
attainment. Nominal servicing is generally associated with non-sustaining
space vehicle/mission functions. In this situation, servicing is frequently
conducted on changeout of experiment items which have failed, degraded, or
are planned to be updated (replaced with advanced state-of-the-art units or
units with different functions). Preventative maintenance could also fall
in this category.

3.0 APPROACH

The key to design of the space vehicle (composed of the spacecraft and payload)
is to identify very early in the systems development phase of the program which
items are planned to be serviced. Frequently, designers tend to 'bury' equip-
ment, incorporate 15 to 30 connectors per box, provide special tooling for
removal/replacement of components, etc., etc., etc. This is not implied to

be a slap at designers, but rather they are not accustomed to designing for
crew access, tool utilization, and component removal/replacement swept volumes.
Thus, the next important and key element is education, and the dissemination
of succinct, easily understood, and well illustrated design guidelines to
assist the total systems and design team in the development and evolution of
an easily serviceable system.

Figure 7 illustrates a very simplified flow diagram of a generalized method-
ology for the early phase of a development program. Note should be made of
the early incorporation of mockups and simulation (e.g., 1-G shirtsleeve and
occasional suited subjects) to aid in the design and integration of the ser-
vicing approach at the outset of the program. This is absolutely critical
to assure that mid- and down-stream modifications, changes, etc., do not
beset the program, resulting in major cost impacts/overruns and subsequent
reduction of the degree of planned servicing.

In general, there are two classes of 'cargo' launched to orbit in the Space
Shuttle which are of concern to this paper: these two classes are: (1) Sortie
Payloads and (2) Free Fliers. Not included is the assembly/construction
class. Sortie Payloads are generally considered those payloads which are
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launched in and stay with the Orbiter throughout the total mission phase
to be subsequently returned to earth still mounted in the cargo bay. Free
Fliers are those spacecraft or payloads which are launched in the Orbiter
and subsequently deployed to orbit after which they may stay in a low earth
orbit, be transferred to higher orbits, or launched out of the earth's
gravitation field. Certain of the free fliers are recoverable by the
Orbiter and thus, can be serviced or returned to earth for subsequent
refurbishment. Figure 8 presents a generalized portrayal of the on-orbit
disposition of space vehicles/payloads and potential earth return.

When only a single space vehicle is being procured and subsequently developed,
extreme care must be given to the manufacturing aspects of the program. In
particular, if spares (items to replace equipment already in orbit? are to

be developed after the launch of the space vehicle, and there is no 'duplicate
full-scale hard critically dimensioned mockup’, then master tooling becomes a
critical issue. Furthermore, this tooling must be identified during the
proposal phases and developed prior to space vehicle launch. Almost never
are there sufficient funds to develop the spares on the initial contract;
thus, relegating their purchase to the 'operational phase' when additional
out-year funding becomes 'available' dictates the need for master tooling
during the initial contract.

A second major issue is the use of 'off-the-shelf equipment'. As the number
and variety of space vehicles increases, so, too, will the number of subsystem
equipment items. Thus, off-shelf equipment potential applicability across the
programs becomes greater and the need to accommodate them grows ever more
steadily. Accordingly, design for on-orbit servicing of these 'off-shelf’
items very frequently requires early recognition and more often than not,

the incorporation of supplemental hardware to permit their changeout on

orbit, or override, depending on the item.

Many other key and lesser key issues will be presented in the following para-
graphs relative to program and system/design concerns and considerations in
design for on-orbit servicing.

4.0 BERTHING

An extremely important consideration in the design of the space vehicle for
on-orbit servicing is the basic accessibility of same relative to conduct of
the servicing function(s). This implies that the airborn support equipment
(ASE) need be carefully considered in developing the servicing approach, and
can provide a viable base for servicing functions, together with the crew
equipment/aids/tools. It is recognized that the servicing on-orbit will
grow from Orbiter based activities, thence to ‘'near orbiter', obviously

then to the SOC/SAMSP concept, and finally to high earth orbit (HEO).

Since this paper is primarily addressing Orbiter support for servicing, the
use of berthing systems to augment the EVA tasks is crucial to the practi-
cality, timelines, and safety of the servicing operation. To that end, a
number of devices have been proposed (as evidenced in this Workshop), such

as the MMS program's Flight Support System (FSS), Holding and Positioning
Aid, and the Deployment and Maintenance Platform (DMP). Figure 9 illustrates
an example of one of these devices. ‘
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The use of such a device significantly drives the methods for changeout of
items, and therefore, the design of the basic space vehicle as well as the
items to be replaced on orbit, e.g., line replaceable units (LRU's) or
Orbital Replacement Units (ORU's). Furthermore, selection of the berthing
device also affects the servicing approach/scenario, spares (LRU's or ORU's)
containment, other ASE as required, and associated crew equipment/tools/aids.

Additionally, the berthing device significantly impacts the design of the
space vehicle relative to: (1) Berthing 'pins', (2) Load paths, ?3) Struc-
tural support, (4) Dynamics, (5) Targets, (6) Tooling, and (7) Interfaces.
The interfaces are not insignificant and include such considerations as
power, signal, fluid/gas transfer, and mechanical. Also, the interface to
and with the Orbiter can be equally significant and includes such considera-
tions as mounting to the sill and keel fittings, power/signal interfaces and
connections, swept volumes and cargo bay envelope, thermal blockage (items
overhanging the radiators), weight and CG factors, etc.

Thus, methods of ‘holding and articulating' the space vehicle become very
important as they relate to the overall system integration and interface
jssues. The consideration, therefore, of providing a 'berthing interface'
on either the front or aft end of the space vehicle must be examined early
in the conceptual phases to determine potential impacts and to ascertain
the significance of the interfaces as they transcend the total servicing
approach.

5.0 SPACE VEHICLE DESIGN FOR SERVICING
5.1 General

Design for on-orbit servicing in and of itself is not a new concept. Studies
such as those conducted in the mid-1960's (MORL, LORL, MOL, AAP (Skylab),
BIOLABS, Orbital Station, etc.) did not deal with the zeal and impact of the
more recent programs, i.e., the Multimission Modular Spacecraft (MMS) and the
Space Telescope (ST). The former program was designed for changeout of a dis-
crete number of modules, while the ST provided the potential for changeout

of over 100 ORU's via the EVA mode. The key in both of these example programs
was the early determination of the need for and commitment to the on-orbit
servicing approach and the incorporation of design methods to achieve this
objective.

5.2 Space Vehicle

The initial conceptual design approach begins with the identification of those
LRU's or ORU's which are to be considered for changeout on-orbit. Therefore,
the examination of the basic space vehicle subsystems is necessary (Figure 10),
and a rational decision made as to what need be changed out as a function of
several factors including: (1) Reliability and MTBF factors, (2) Items highly
suspect to malfunction but with 1imited flight reliability data, (3) Preventa-
tive maintenance considerations, (4) Wear-out lifetimes, (5) Degradation life-
times, (6) Items which may receive inadvertent collateral damage, (7) Items
subject to EMI or other 'signal' spectra damage, (8) Induced damage, e.a..

loss of thermal control and subsequent change of temperature past survivability
level, (9) Micro-meteorite penetration/damage, (10) Cascading failures or
power surges, (11) Equipment/experiment item update/replacement, (12) New
payload replacement, and (13) Complete subsystem replacement, etc.
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Once the items to be changed out on-orbit have been initially identified,
the next step is to identify a set of 'core' design features (Figures 11
and 12) to apply in the layout and design of both the space vehicle struc-
ture itself as well as the basic subsystems (Figure 13), including the
LRU's or ORU's, and the associated interfaces, mounting provisions, cables,
thermal protection, etc. Thus, the consideration of the application of
design features (Figure 14) must be identified for the entire range of
development activities and appropriately incorporated (and costed? for

both on-orbit servicing and ground element implementation as well. Alloca-
tion of design features is an important early function since more than just
the space vehicle is involved in an interface and integration sense. This
becomes critical, relative to the need for close 1iaison between space vehicle
development activity,subsystems and related on-going functions concerned with
ASE development, crew support aids/equipment definition, and the critical
jnterface with the Orbiter, both physically and functionally (including
procedural interactions).

As expected, documentation plays a pivotal role in completion of the

design features. A1l contractors have an existing and very formal set of
hardware development documentation; a tried and proven set of approaches/
methods very carefully employed, followed, checked/verified and documented.
Similarly, the customer (NASA/DoD) also have sets of documentation (including
program specific) which must be rigorously followed. Early examination and
correlation of these two sources of documentation is very critical, both from
an implementation (cost) and practicality standpoint. These documentation
sources (Figure 15) which frequently differ (occasionally significantly), must
be examined at the outset of the program, particularly as they relate to the
space vehicle design service features. Often, these design features include
approaches (e.g., dimensions which are not standard manufacturing practices),
and therefore require early resolution to minimize cost and schedule impact.

A prime example of a dimensioning concern is the NASA required corner and
edge radius for all equipment and structures with which the EVA crew person
may come in contact during the servicing function. Obviously, these dimen-
sions are not standard manufacturing practices and, by necessity, must be
negotiated, identified, and cost increments specifically delineated.

It must be stated that the design process is an iterative one and as the
maturity of the design progresses, continued review, revision, amalgamation,
and standardization of the design features evolves. Inherent in the process
is the necessary education of not only the designers, but also the systems
team members, basic subsystem designers, etc., and as importantly (if not
more so), the Program Office and Management Team. This latter cadre of
personnel generally are not always fully responsive to the added effort,
liaison, and the necessary interface meetings required to proceed with the
design of items for on-orbit servicing. And often, certain of the customer
program personnel are not fully acquainted with the necessary elements for
design of the space vehicle and equipment for on-orbit servicing, thus,
necessitating in certain instances the need to assist them in understanding
the nature and significance of the objectives and design approaches. Herein,
the enlistment of the NASA Astronauts and Air Force Manned Spacecraft
Engineers (MSE's) can be of tremendous value in bringing the necessary high
Jevel attention to the particular problem or concern.
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5.3 Mockups and Simulation

Very early in the program, preferably in the conceptual phases, introduction
of models and mockups to aid in portrayal of the systems and engineering
effort, ideas, approaches, and interfaces is most necessary. The early
mockups can be of simple construction employing Fomcor as the basic
material and, accordingly, a material that the engineers can work with
without concern for a 'union grievance' - a most important consideration!
Initial mockups can be table top items subsequently progressing throughout
the following general steps (although not necessarily in this order):

e Models (1/50th to 1/20th scale)

o Small scale wood, plastic, and/or Fomcor representations

® Full scale wood, metal, and/or Fomcor mockups of selected areas/
items

® Full scale hard mockups of partial space vehicle segments or equip-
ment constructed of wood, metal, and Fomcor

o Full scale hard mockups of items wherein certain features are
functional to a specifically limited degree; various materials
are herein used

® Full scale hard mockups of space vehicle elements, e.g., payload,
spacecraft (housekeeping) section, and major appendages; various
materials

® Full scale hard mockups of space vehicle elements used for engineer-
ing test bed; various materials

o Full scale soft and hard mockups (part task trainers) used for crew
systems activities and verification/training

® Full scale hard mockup replica of space vehicle ranging from non-
functional to fully functional; various materials

® Full scale hard mockups for water immersion, KC-135 flights, etc.

The development of mockups is, without doubt, one of the key elements in the
implementation of the servicing approach and, obviously, attendant design of
the space vehicle and associated items for changeout in addition to the ASE,
interfaces to/with the Orbiter (or Space Station), and the functional/procedural
aspects. The prudent and early use of mockups can and does result in signifi-
cant overall program savings measured in terms of engineering time, smoothed
integration, more simplified definition of interfaces and requirements, earlier
‘verification', greater and earlier crew acceptance, less re-direction and re-
design, and increased awareness of manufacturing to the explicit development
needs and tooling.

Simulation also plays a vital role and begins with the earliest development of
the full-scale mockups. General simulation activity categories are as follows:

® 1-g shirt sleeve @ 1-g suited e KC-135 ¢ Water immersion

Suited simulation is, obviously, more costly than shirt sleeve activities. This
is of course due to the increased support team and necessary safety aspects.
Water immersion (neutral buoyancy) simulation is more costly yet, however, for
certain crew interface, functional task accomplishment, and fidelity require-
ments, water immersion simulation is nearly mandatory. Experience shows that
for crew tasks associated with space vehicle servicing which are conducted
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'in situ' or in a specific location wherein crew translation from point to
point is not needed, 1-G suited simulation is nearly always acceptable.
Additionally, 1-G simulation is considerably less costly, thereby making

it a highly useful and cost effective method to conduct: (1) More frequently,
(2) Earlier on in the program, and (3) Involving the atronaut community
earlier. For tasks requiring manual manipulation of large items (not fully
restrained or coupled to a 'rail system'), or when significant translation
from point to point is required, there is generally no substitute for water
immersion suited simulation.

The key to use of mockups and simulation is the effective participation of
the systems, integration, and design team members as parties to the simula-
tion which has been set up with specific objectives to be met relative to the
design or integration factor under consideration. The simulation should not
always be crew systems specific, but rather carefully tailored to meet the
multi-disciplinary needs of the total program team. For example, typical
engineering uses of the mockup during simulation runs include examination,
assessment, and evaluation of the following:

Black box/component layout and arrangement features and interfaces
Power/signal cable layout, bend radii, potential interferences and paths
General connector access

Handling methods for demated connector/cables

Grounding strap runs/paths and handling techniques

Basic mounting technique access, arrangement, grounding & thermal interfaces
ASE interface examination, access, and mounting

Fluid transfer line layouts, vulnerability, connector interfaces

Door/cover hinge locations, mounting, open/close features and 'tie-down'
Protrusions, sharp corners/edges potential, and snag features

Areas wherein crew loads are imposed - purposely and inadvertently
Multi-layer insulation (MLI) layup, tie down, and crew impact vulnerability
Removal/replacement swept volume envelopes & collateral damage assessment
Basic safety features and provisions

Potential hazard identifications _

Mounting location identifications and feasibility determinations

Critical module/component mounting and alignment

Thus, as evidenced in the aforementioned mockup and simulation uses, a total
program team utilization approach is vital. And lastly, it can't be emphasized
too greatly that the earlier the total team begins to participate in mockup use
and even simplified crew simulation exercises (shirt sleeve), the greater the
payoff to the program.

5.4 Specific Design/Integration Considerations

It is not the intent of this paper to be presumptious and pretend to tell de-
signers how to design. Rather, it is intended to inform the designers of many
of the multitude of factors which must be ‘emphasized' and/or included during
the design and layout of the space vehicle to be serviced on-orbit. These
factors must also flow from system inception through fabrication and ultimate
test and verification. The following paragraphs shall attempt to identify
some of the more important factors as they relate to overall design and
integration.
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5.4.1 General Accessibility

This set of considerations includes concern not only for the on-orbiting
servicing requirements but should give reasonable attention to manufacturing,
assembly, test, verification, and integration. Primary emphasis is given,
however, to those considerations most pertinent to design for on-orbit flight
crew EVA servicing. «

A. Design for 5th percentile female to 95th percentile male

B. Suited crew motion, reach, and visual anthropometrics (Figure 15)

C. Tool swept volume utilization

D. Removal and replacement access and swept volume envelopes

E. Tool insert and engagement access

F. Visual access with and without head/body movement

G. Illumination path(s) to work site

H. ASE installation/integration access

I. Protective devices (e.g, cover) access, stowage, and remove/replace
swept volumes

J. Demated connector/cable management and positioning 'out-of-the-way'
temporary restraint and handling

K. Motion of appendages (swing/rotation, etc.) and crew locations/access

L. Large item transfer/translation/transport and crew access/safety

M. Access around or through structure and adjacent items

N. Visual access to guides, rails, alignment aids, etc.

0. Access to fasteners, hold-down/release devices, clamps, etc.

P. Access to umbilicals, e.g., overrides, demate/remate features

5.4.2 Equipment Mounting

This area includes a host of potential design features which can be significantly
influenced by design for on-orbit servicing. Further, the range of impact can
include such major considerations as determining overall space vehicle diameters,
basic 'internal compartment' vs external equipment mounting, load carry doors vs
structure, etc. Of necessity, this element must be considered at the beginning
of the concept layout stage, and the candidates carefully traded off as the
requirements and definition become more firm. Herewith, are a series of typical
jtems to consider in equipment mounting:

A. Large item (LRU or ORU) Tocation in relation to design for changeout:

- Mounting orientation - Loads

- Volume - size - Isolation

- Removal/installation swept volume - Environ. Protection
- Cable routing - Alignment

Hold-down techniques

- 'System interface'

B. Basic LRU or ORU installation and crew interaction

C. Loads to or on structure (basic) or doors

D. Grounding as it may affect changeout techniques

E. Thermal interfaces as they relate to mounting techniques for on-orbit
changeout

F. Proximity to associated equipment(s)

G. Shock or vibration and associated attenuation techniques

H. Alignment features-coarse and fine for items to be changed out on-orbit

I. Center of gravity and mass arrangements as they relate to changeout

potential
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. Installation and removal features for both ground and on-orbit
'Plumbing' routing and interfaces particularly for on-orbit ORU's
Mounting footprint vs removal devices and access potential

Collateral damage potential during changeout on-orbit

Positive registry/guides for placing/positioning/remove/replace tasks
Features for 'quick' removal associated with items to be jettisoned

. Elimination of sharp edges/corners/protrusions to eliminate suit damage

VOZITrXoG

5.4.3 Cables/Harnesses and Layout

Design for cables and harnesses takes on a new perspective when designing for on-
orbit changeout or replacement. These elements can no longer be routed, 'nailed-
down', hidden, bundied in massive runs, etc., leading to inaccessibility or non-
flexibility of bending in the case of door (hinged) mounted LRU's or ORU's.
Furthermore, certain LRU/ORU items may be externally mounted thereby exposing

the cable or harness assembly to environmental impact heretofore not encountered
as they previously may have been routed underneath structure or external features.
The following items are typical of those which must be considered in design for
on-orbit servicing:

A. Cable/harness motion due to location on hinged elements (Figure 18)

o Flexing o Damage exposure o Connector access
e Strain and relief ¢ Length : e Size/diameter vs flexing
B. Methods for the crew person to reposition the cable/harness and tempor-
arily stow during LRU/ORU changeout
C. Coding of cables/harnesses and associated connectors
D. Connector design to permit gloved mate/demate
E. Reliability associated with cable/harness flexing
F. Protective features relative to ground/flight crew inadvertent contact
G. Protection (as required) against environmental impact
H. Captive screws and fasteners (used to secure cables/harnesses) which do
not create snag, tear, rip potential for the suit
I. Connector 'protection' when not interconnected, e.g., during changeout

5.4.4 Removal and Replacement

A host of considerations are involved in design for the changeout of an item
on-orbit. Often these changeout features are somewhat peculiar to the item and
the location within or on the space vehicle. Also, the item to be changed out
may have certain unique features which substantially impact the method for
changeout. And finally, the actual ASE to be used in the changeout process
may also interact with and drive the changeout methodology. Following are a
composite of typical factors to consider:

A. Removal swept volume envelope

Guides and/or rails to aid in removal or insertion

Tool access to fastening device

Handholds/handrails for EVA crew person grasping, holding, positioning
Tether attach points (e.g., 'D-rings')

Protection of sensitive 'areas' to damage potential

Guide or rail interface engagement and design feature(s) on the LRU/ORU
Unique ASE attachment or engagement features

Elimination of sharp edges/corners/protrusions of both LRU/ORU and
basic space vehicle and ASE

.
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Unemcumbered removal and replacement transfer path/volume

Door or cover access envelope for 'pass-through' of item

Method of handling during the transfer process as it relates to
both the LRU/ORU and ASE (Figures 19 and 20)

ITlumination to facilitate crew vision during the changeout task
C-G of the item and its basic mass distribution to be taken into
account during the changeout task

Basic size of the item to be changed out:

- Crew handling - 'See-around'’

- Crew transfer - Shape vs mass/CG distribution

- Handling aids - Handling aid locations

P. Connector and grounding strap mate/demate - remove/replace

Q. Captive vs 'loose' fasteners

.
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5.4.5 Safety and Crew Considerations

Safety is a key design factor when, and in particular, considering the on-
orbit flight crew. Safety encompasses not only the space vehicle but the ASE,
the basic Orbiter, and the integration of the aggregate of hardware into the
operational system which also includes procedures, software, and 'firmware'.
Crew considerations transcend the entire orbiting element including the Orbiter
itself. Two major design guidelines are available for major crew system design
and integration considerations, and are:

e SHUTTLE EVA DESCRIPTION AND DESIGN CRITERIA, May 1976 (Under Revision),
JSC-10615, NASA-JSC

o MAN/SYSTEM REQUIREMENTS FOR WEIGHTLESS ENVIRONMENTS, Dec. 1976, MSFC-
STD-512A, NASA-MSFC

Since both of these documents cover 'crew considerations' fairly well, it is
proposed to leave this area to the reader through reference to both of these
two documents (guidelines). Safety is also called out in both documents, as
well.

Design for safety includes a range of responsibilities and subject areas.
Accordingly, a synopsized overview of the subject areas is included which will
then necessitate that the systems, integration, design, test/verification, and
simulation team member further expand this list as required.

General safety considerations (Figure 21)

Operations safety

Crew induced loads and potential collateral damage

Equipment design safety factors

Structural design safety factors

Airborn support equipment safety factors

Electrical design considerations

Explosive, nuclear, pyrotechnic, jettison considerations
Shrouds, coverings, insulation, thermal blanket considerations
Protrusions, edges, contours, corners, surfaces considerations
Equipment transfer/transport/handling considerations

Life support considerations

Procedural and interface safety factors

Fluids/gasses transfer safety

Crew tethering

Mass handling and constraint

VO XGeIOTMMOOm>P
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A general top-level safety document relative to the STS has been re-issued
by the NASA. This document is SAFETY POLICY AND REQUIREMENTS FOR PAYLOADS
USING THE SPACE TRANSPORTATION SYSTEM, dated 9 Dec. 1980, NHB 1700.7A, Rev.
A, NASA-HDQ. Although developed as a general safety policy document suffi-
cient data exists therein to provide tangible substance to developing more
detailed safety design guidelines and requirements.

5.4.6 Reliability and Spares

Although reliability is beyond the scope of this paper, something must be
stated on this subject due to the major interplay between reliability and
selected items for changeout/replacement on oribt. A general breakdown of

the reliability tasks as they relate to providing the necessary information
for LRU/ORU identification is as follows:

Establish desired on-orbit lifetime design goal

Identify critical and non-critical items

Establish subsystem/equipment/component reliability lifetimes
Determine MTBF's for candidate equipment and components

Identify candidate LRU or ORU items

Aid in identifying spares approach based on A-E above

Assist in specifying service timelines and candidate mixes of spares

OTMMOoOOW>

Obviously, the aforementioned reliability tasks are not fully representative
of the reliability program, but rather tend to indicate the integral partici-
pation of this discipline with the design for servicing effort previously
discussed.

Identification of spares becomes critical to the program based on overall
sizing and cost factors. Additionally, depending on the overall configura-
tion of the LRU or ORU, and the constituent elements thereof, spares (or
replacement units) can become a major program driver, particularly relative
to cost. A suggested and greatly simplified approach to this effort which is
;p]absolute unison with the design and reliability efforts is presented as
ollows:

Aid in the identification effort of candidate LRU or ORU items
Assist in determining single vs multiple components for the LRU/ORU
Provide cost estimates for the various single/multiple LRU/ORU mixes
Examine impact of developing spares to match LRU/ORU mix

e Sizing/weight e Storage and downstream availability
e Handling e Quantity of items and mixes

e Hardware availability o Cost paths

e Longevity of manufacturer o Redundancy potential

OO >

Needless to say, the spares development approach is not as simple as briefly
jdentified; nonetheless, it is an important element in the overall design
process.
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5.4.7 Integration

This area, perhaps of all, is the most fluid and elusive to pin point dis-
crete tasks. However, it is critically important to the general design
effort as it relates to many connected and oft-times seemingly unconnected
elements. The integration effort should be part of the systems and design
team and be represented at all appropriate contractor, subcontractor, and
customer meetings. Frequently, these meetings are referred to as Interface
Working Groups (IFWG's) and generally drive out basic issues, concerns, con-
straints, and problems. Thus, the IFWG team members share in exposure of
these factors and directed assignments and completion dates can be made

to resolve same.

Orbiter integration should become more 'standardized' once the OFT series is
complete and the main 1ine vehicles become operational. However, there still
may be significant differences between vehicles and, as such, integration
will continue to play an ever-important role.

Integration of the payload and spacecraft into the overall space vehicle also
provides a major effort. Subsumed within this task is equipment/sensor,
experiment, consumable, etc. integration along with the standard interface
features. Crew ‘'integration features' must also be considered as must be the
ASE interfaces complimented by the Orbiter interfaces (mounting, power/signal,
fluid/gas, etc.).

Procedural, operational, software and firmware interfaces and integration are
also pertinent to the integration process as is the ground cycle. The ground
elements include mission control, ground integration at KSC or VAFB, and any
integration associated with hardware/systems, etc. which meet or integrate
outside of the prime contractor(s) facility such as at the launch site. Each
of these phases has some measure of involvement with on-orbit servicing and
o?vigus]y include spares and subsequent installation of ASE for the servicing
flights.

6.0 SUMMARY

The intent of this paper has been to discuss design for on-orbit servicing.

It is hoped that, by now, the reader will have some comprehension of the overall
top-level consideration involved and the absolute need for a total team approach
to this systems, design, integration, and verification process.

Spares definition, reliability and integration are elemental to the design pro-
cess and should be incorporated from the conceptual stage onward. And finally,
safety must be considered each step of the way.

A methodical and well-developed program plan for an orbit servicing design
should be prepared and detailed milestones developed to ensure adherence to
the plan. Liberal use should be made of the many excellent documents in this
area; however, it should be noted that many should be used as guidelines only,
thereby allowing the systems, design, and integration team the necessary lati-
tude for interpretation and flexibility needed to develop a viable and cost-
effective serviceable space vehicle.
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PAYLOAD INSTALLATION AND DEPLOYMENT AID
FOR SPACE SHUTTLE ORBITER SPACECRAFT REMOTE MANIPULATOR SYSTEM

Thomas 0. Ross

Lyndon B. Johnson Space Center
Houston, Texas

ABSTRACT

Early developmental testing of the Remote Manipulator System (RMS) revealed
that on-orbit handling of various payloads on the Space Shuttle Orbiter Space-
craft may prove to be beyond the capability of the system without the assistance
of a handling aid.

An aid concept known as the PIDA (Payload Installation and Deployment Aid)
is presented as a way to assist the RMS by relaxing the accuracy required during
payload handling in the payload bay. The aid concept was designed and developed
to move payloads through a prescribed path between the confined quarters of the
payload bay and a position autside the critical maneuvering area of the Orbiter.

An androgynous docking mechanism is used at the payload/PIDA interfaces
for normal docking functions that also serves as the structural connection
between the payload and the Orbiter, that is capable of being loosened to pre-
vent transfer of loads between a stowed payload and the PIDA structure. A
gearmotor driven drum/cable system is used in the docking mechanism in a unique
manner to center the attenuator assembly, align the ring and guide assembly
(docking interface) in roll, pitch, and yaw, and rigidize the mechanism at a
nominal position. A cescription of the design requirements and the modes of
operation of the various functions of the deployment and the docking mechanisms
are covered.

INTRODUCTION

The conceptual design study and operational simulations of the Remote
Manipulator System (RMS) in the JSC Manipulator Development Facility (MDF)
identified a need for an aid in the handling of large payloads into and out of
the cargo bay by the manipulator.

In response to this need, a payload handling aid concept was designed and
developed for use with the RMS.

The initial design concept was turned into prototype hardware for test and
evaluation and this developed into a second set of prototype hardware that helped
to define the concept as it is presently known and described in the following
sections.

The initial concept of the deployment mechanism contained one rotating arm
assembly to be used in conjunction with the RMS/operator for payload handling.
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After building and testing prototype hardware of the Aid with a prototype of

the manipulator, it was discovered that the RMS operator was unable to follow
the arc path required to keep the payload aligned. It was concluded that the
handling aid should be capable of moving the payload between the stowed and
deployed positions automatically without the assistance of the RMS in the
control loop but that the RMS would be in complete control of the payload during
docking or undocking with the payload/orbiter interfaces on the handling aid
mechanism,

The resulting aid concept, depicted in Figure 1, known as the PIDA (Payload
Installation and Deployment Aid), is presently béing fabricated as flight-like
hardware for engineering development test and evaluation in the JSC Manipulator
Development Facility. This effort is intended to develop the aid concept to a
state of readiness for a minimum lead time for flight hardware and at the same
time developing the electromechanical actuator and the docking mechanism for
potential use in other applications.

REQUIREMENTS
The basic requirements that were imposed on the Payload Installation and

Deployment Aid concept are:

0 Provide line of sight docking points outside of critical maneuvering
- area. .

o Utilize single point capture steps as opposed to multi-points requiring
simultaneous capture.

0 Use mechanism to move the payload from deployed to stowed position
without exceeding a 75mm (3.0 inch) payload clearance envelope.

o Accommodate payloads ranging up to 4.57 meters (15 ft) dia by 18.3 meters
(60 ft) long and 289 kN %65,000 1bs) weight.

0o Accommodate payload contact velocities up to 30mm/sec (.10 ft/sec) and
.011 rad/sec with a lateral mismatch of 150mm (6.0 inches) maximum and
angular mismatches of ¥15° in pitch and yaw and $10° in roll.

o Design to stow in a confined space under the closed doors with a large
payload in the cargo bay.

o Utilize existing longeron bridge fitting attachments for structural
connection.

PIDA ASSY DESCRIPTION

The PIDA assembly shown in Figure 6 is made up of a deploy/stow mechanism,
an interface mechanism, an electromechanical rotary actuator with its respective
electronic controls, and a base, with a jettison interface, that connects the
assembly to the Orbiter longeron bridge fitting on installation.
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The operation of the assembly between the stowed and deployed positions,
shown in Figure 7, is done remotely from the RMS operator's station. The
operator can select the degree of deployment desired and monitor its position
from a display of the optical encoder data that is used to control the drive
motors and keep them synchronized to within one-tenth of a degree. Preprogramming
for a specific payload provides the control of the master drive to accelerate and
then decelerate the payload to stop at the desired point without overrun or
excessive structural loads on the PIDA structure or the Orbiter longeron attach
points. The accuracy provided by the control system offers precise pointing of
payloads and opens the possibility of limited tracking using the PIDA drive
system with added tracking sensors. * ‘

DEPLOY/STOW MECHANISM

The basic purpose of the deploy/stow mechanism is to control the movement
of the payload positively and accurately between the stowed and deployed
positions and to locate the payload in a deploy position that is away from the
Orbiter, outside of the critical maneuvering area but with the docking inter-
faces in the line of sight of the RMS operator. Design guidelines required
that the movemant between the stowed and deployed positions be provided without
exceeding a 75mm (3.0 inches) payload clearance envelope and that the deployed
position be located for a minimum clearance of 50cm (19.5 inches) between the
payload and the Orbiter. The configuration had to permit the mechanism to.be
stowed inaconfined space under the closed door and radiator with a large
payload 4.57 meters (15 feet) diameter by 18.3 meters (60 feet) long in the
payload bay. .

The original version of the present deployment mechanism employed a two-
stage actuation as shown in Figure 3. The first stage used a pivot point close
to the tangency of the payload on one side for an upward z-z axis path of with-
drawal and the second stage utilized a pivot point at the docking mechanism
interface to swing the payload outboard to a noncritical maneuvering area for
payload/PIDA docking. The two stages were driven from a single actuator on
each arm assembly that required a clutching operation for the change over from
one stage to the other.

Due to the complexity of the two-stage actuation, a single actuator drive
mechanism, shown in Figure 4, with a continuous integrated motion was conceived
to replace it while at the same time closely approximating the motion desired.

A trial and error graphical approach was used to define the mechanism necessary

to provide the desired motion. At the onset, the graphical layout was intended

to identify the constraints for an analytical approach but it was concluded that
the graphical approach would be quicker to complete the geometry definition.

The four bar mechanism shown in Figure 5 has a tubular drive arm member
that is connected at one end to the base and the other end to the crank arm on
the interface mechanism. A drag link that serves as a tension/compression tie
between the base and the end of the crank arm provides the linkage to turn the
crank arm as the main arm is driven from one position to another by an Electro-
mechanical Rotary Actuator. As the main arm rotates through an angle of 56°,
the crank arm rotates the interface mechanism 102°37' -for an angular displace-
ment ratio of 1.83:1. The total rotation of the payload axis relative to the
Orbiter axis is the sum of these two angles or 158°37'.
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Note in Figure 4 how the initial part of the C.G. path approximates an
upward (z-z axis) linear withdrawal by a low amplitude sinusoidal movement.
The movement of the longeron trunnion next to the mechanism, shown in detail
“Z*, provided an upward and outboard movement that although unplanned was found
to be acceptable in the mating envelope of the retention fitting halves.

INTERFACE MECHANISM

The payload/PIDA interface mechanism, shown in Figures 8 and 9, includes
a docking mechanism for the RMS operator to connect or disconnect the payload
from the deploy/stow mechanism and a structural connection to positively hold
the payload during deploy or stow actuation to aid accurate positioning of the
payload in the payload bay. After the payload has been placed in the fully
stowed position, the structural connection through the PIDA is loosened to
provide compliance in order to force the retention fittings to be the primary
load paths. The mechanism provides the basic functional modes of docking, such
as, compliance, capture, energy absorption, alignment and rigidization in
addition to the stowed position compliance.

Docking Compliance

The purpuse of docking compliance is to allow the two mating sides of the
interface to align in order that the capture latches can operate. The mechanism
on the active side of the docking interface moves as required for alignment
except for lateral compliance.

The lateral compliance and attenuation is not an active part of the mechanism,
but is accommodated by the dynamics of the Orbiter and payload interreactions.

The axial compliance and attenuation, both compression and extension, is
furnished by a hydraulic-type attenuator that has internal spring action to
return it to a nominal position that is preloaded in both directions.

The roll alignment movement is permitted by the outer part of the ring and
guide assembly being free to rotate relative to the center part of the assembly.
The two parts are connected through two ball bearings and are spring loaded to
a nominal position by the spring preload.

The pitch and yaw compliance is provided by a "U" joint located between
the center of the interface ring and the attenuator assembly.

Docking Capture

The guides on the interface ring are sized for 152mm (6.0 inches) lateral
misalignment (which includes the mismatch due to #15° pitch or yaw) in combina-
tion with a roll misalignment of #10°, The guide configuration provides lateral
forces to act on the Orbiter and payload for dynamic lateral compliance to
permit the capture latches to engage. The capture latches are designed such
that, if insufficient latches are engaged to react capture loads, none will
remain engaged. Any two latches are able to react the capture loads. If only
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one latch 1s engaged, the force yectors act in a direction upon the latch during
a separation motion such that the toggle linkage of the latch will collapse to
allow the two docking surfaces to separate freely. The capture latches serve

a dual role in as much as they are also used as the structural latches to secure
the payload to the Orbiter after the docking phase is complete.

Energy Absorption’

A payload with kinetic energy relative to the Orbiter, contacts the docking
interface causing the attenuator assembly to be compressed. During this com-
pression stroke, hydraulic fluid is metered from the head end to the rod end
of the attenuator. Part of the kinetic energy is dissipated by the fluid meter-
ing and the remainder is stored in the attenuator spring as potential energy. '
At the end of the compression stroke, the spring forces the attenuator to extend
toward the nominal position transferring the potential energy back into the
payload as kinetic energy. During this extension stroke, the fluid is metered
from the rod end to the head end of the attenuator, further dissipating energy.
As the attenuator reaches its nominal position the attenuator spring reverses
its force direction to once again store the undissipated energy as potential
energy. The residual energy is dissipated by the subsequent extension and
compression strokes with rapidly decaying amplitude so that ultimately all
motion is arrested and the interface returned to the nominal position.

Alignment and Rigidization

Roll, pitch and yaw alignment across the interface i$ provided by the ring
and guide assembly on each side mating with the one on the other side of the
interface. This allows a payload to be positioned accurately even in installa-
tions employing only one PIDA assembly.

Realignment of the ring and guide assembly on the active half of the docking
interface, with its mechanism is accomplished by the use of three pusher rods
and a cable drive system. The action of taking up cable slack in three cable
assemblies forces the three pusher rods to extend to a nominal position and
retracts the active ring and quide assembly in contact with the ends of these
pusher rods for alignment and rigidization. The ends of these rods are hemi-
spherical and contact a conical seat on the surface of the other part of the
interface ring to provide the caniming action necessary to realign the ring in
roll, pitch, and yaw. Actuation is provided by an electromechanical actuator
driving a cable drum through a gear train. The electric motor has a brake that
. s energized to hold the mechanism rigid after the drive motor has stalled out,

‘to preload the cable assemblies, and is then turned off.

The holding requirement of the mechanism:is based on an interface moment
of 678 N-m (500 1b-ft) as determined from dynamic analysis of the payload/Orbiter
system using math modeling.

The inside of the cable drum has two cam surfaces located symmetrically
opposite each other to actuate two cam followers, one on each side of the
attenuator, to force it to a centered position or free it to allow the atten-
uator to pivot during the stowed position compliance movement. In the upper
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half of Figure 9 the attenuator is held centered and the lower half of the
view shows the cam surface away from the cam follower to allow the attenuator
to pivot.

STOWED POSITION COMPLIANCE

The payload retention system requires that the payload be permitted to

have a three axis movement to accommodate thermal deflections. This necessitated
that the PIDA have the same freedom if it is not'to act as a primary structural
connection for a stowed payload. The x-x axis freedom is provided by floating
one of the passive docking interfaces on the payload with it being spring loaded
to a center or nominal contact position. The y-y axis and z-z axis movement is
provided by retracting the three pusher rods to allow the attenuator to stroke
and b?cking off the two cam followers to permit the attenuator to pivot in the
y-z plane.

ELECTROMECHANICAL ROTARY ACTUATOR

The electromechanical rotary actuator designed and fabricated to drive
the deploy/stow mechanism was sized to provide a maximum torque of 1356 N-m
(1000 1b-ft) at a rate of one degree per second. This is accomplished through
the use of a gear box with two high ratio planetary drives, a 24/1 input stage
and a 32/1 output stage, resulting in an overall ratio of 768/1 for the actuator
in conjunction with a 5.4 N-m (4.0 1b-ft) 28 volt direct current electric motor.

CONCLUSIONS

The Orbiter baseline configuration does not include the PIDA handling aid

. concept. Further test and evaluation both on-earth and on-orbit will be required
to resolve the need for a handling aid to assist the Remote Manipulator System
(RMS) on the Orbiter.

Tests results on prototype hardware indicate that the PIDA payload handling
aid concept can be of significant help to the RMS operator by relaxing the
control requirements and promises to enhance payload bay packaging density and
payload maintenance access.

Initiation of the development of the PIDA concept has been effective in
reducing the long-lead time required for flight hardware. A continuation of .
this development will provide hardware that with minimal changes could be flown
as an on-orbit experiment with a RMS and a test payload to evaluate the overal
payload handling capability of the Orbiter. :
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INTRODUCTION

Rendezvous and docking sensors are needed to support the future Earth-
orbital operations of vehicles such as the Shuttle, the Teleoperator
Maneuvering System (TMS), the Orbital Transfer Vehicle (OTV) and the
maneuverable television system (MTV). We investigated the form such sensors
should take and whether a single, possibly modular, sensor could satisfy the
needs of all vehicles.

The sensor must enable an interceptor vehicle to determine both the
relative position and the relative attitude of a target vehicle. Relative-
position determination 1s fairly straightforward and places few constraints
on the sensor. Relative-attitude determination, however, is more difficult.
The method we have selected is to calculate the attitude based on relative
position measurements of several reflectors placed in a known arrangement on
the target vehicle.

The constraints imposed on the sensor by the attitude-determination
method are severe. Narrow beamwidth, wide field of view (fov), high range
accuracy, and fast random-scan cépabi]ity are all required to determine
attitude by this method. A consideration of these constraints as well as
others imposed by expected operating conditions and the available technology
has led us to conclude that the sensor should be a cw optical radar employing
a semiconductor-laser transmitter and an image-dissector recefiver.

The performance obtainable from a representative sensor was compared to
specifications generated during the study and the conclusion was that this

type of sensor can meet the needs of future Earth-orbital operations.
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PURPOSE OF DOCKING SENSOR

Future space operations will require soft docking and/or maintenance
of a fixed relative attitude while station-keeping. In either case, a
versatile, 1ightweight sensor system will be needed to augment or replace
visual tracking of the target vehicle. Massive or flexible spacecraft will
require greater sensor system accuracy to minimize contact forces and moments,
docking mechanism mass and complexity, vehicle dispersions, and fuel expendi-
tures. In addition, a docking/station keeping sensor will enable long term
station-keeping to be performed in an automatic mode to relieve the crew of
the worklcad and tedium of monitoring relative positions and applying
corrective maneuvers. Eventually, this sensor capabflity will enable automatic
rendezvous and docking.

Well in advance of operational station-keeping and docking, a standard
configuratfon for payload-mounted passive tracking aids needs to be established.
This will enable payloads which are launched in the near future to be
configured before launch for later retrieval. Therefore, 1t {s important
to start now to determine a viable station-keeping and docking tracking
technique. This project establishes a workable docking sensor system and

a standard target aid configuration,
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DEVELOPMENT OF REQUIREMENTS

Three studies 1,2,3 have been completed establishing sensor performance,
technology status, and conceptual design requirements for rendezvous, station-
keeping, and docking. Inputs from numerous organizations and disciplines
were incorporated in the studies, fncluding spacecraft and docking mechanism
designers; missfon planners and analysts; gufdance, navigation, and control
specialists; and microwave/laser systems engineers. These studies concluded
that development of a docking sensor capabilfty 1s a critical need.

The Shuttle Ku-band Radar and Communication System will not suffice for
close range station-keeping and docking for a number of reasons: (1) it does
not measure attitude, (2) {t cannot function effectively at ranges less than
100 feet, (3) it cannot perform its radar and communications functions
simultaneously; therefore, payload and TV data cannot be transmitted while
statfon-keeping and docking, and (4) it is too large .and heavy to be used on
other smaller vehicles, such as free flyers and teleoperator maneuvering
systems, which will also require station-keeping and doeking capabilities.

A new system must, therefore, be developed to fulfill the close-range
stat{on-keeping and docking tracking requirements.

The studfes also showed that: (1) because of the attitude measuring
accuracies required for docking, a system operating at optical frequencies
is required, and (2) a tracking system which is capable of supporting docking

{s also capable of supporting close range station-keeping.

Studfies:

1. Advanced Rendezvous Sensor Study by RCA, NAS 9-16252, 1981 (906-75-23-01),
Sponsored by JSC Tracking & Communications Development Division.

2. Development of Automated Rendezvous and Proximity Operations Techniques
for Rendezvous and Close-in Operations and Satellite Servicing by LinCom
Corp., NAS 9-16310, 1981 (906- - - ), Sponsored by JSC Mission
Planning and Analysis Division.

3. Final Report of the Space Vehicle Control and Guidance Working Group JSC/
K. Cox, Chafrman, January 1982, Sponsored by OAST Space Systems Office.
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